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PREFACE TO THE FIRST EDITION 

By Professor F. G. DONNAN 

T he importance of an accurate study of the actions, equilibria, 
and structures which occur at the interfaces between homo- 
geneous phases of matter is widely recognised at the present time. 
Thus a knowledge of these matters is required for a proper 
understanding of adsorption, the formation and stability of 
disperse or micro-heterogeneous systems (colloid sols and gels), 
catalysis, enzyme actions, etc., whilst the progress of research 
shows more and more clearly that the phenomena of life, i.e. the 
behaviour of cells and tissues, are intimately concerned with the 
actions occurring at surfaces, and that the effects produced by 
drugs, disinfectants, and other substances which profoundly 
affect the operation of cells and micro-organisms are largely due 
to surface actions. 

From the general statistical and thermodynamic pofnt of 
view, the scientific theory of surface phenomena was placed on 
a satisfactory basis by the researches of J. Willard Gibbs, Sir J. J. 
Thomson, and J. D. van der Waals. In comparatively recent 
times the more intimate molecular study of the structures and 
kinetics of surfaces has advanced very rapidly, thanks more 
especially to the pioneer work of Lord Rayleigh, Andr6 Marcelin, 
Sir W. B. Hardy and Irving Langmuir. Our knowledge of this 
subject has been greatly^ increased during the last few years by 
the excellent work of N. Adam and of E. K. Rideal. The com- 
bined effect of these researches has been to reveal the existence 
of a newly recognised so-called “two dimensionaF’ molecular 
world, the dynamics of which is analogous to that of the ordinary 
“three dimensional” molecular world of homogeneous phases in 
bulk, whilst the structure of this “surface world” presents new 
phenomena of molecular orientation of the highest importance 
for the understanding of great regions of natural phenomena, 
l^e great merit of Dr E. K. RideaFs book lies in the fact that 
the author, whilst in no wise neglecting the thermodynamic 
treatment and its results, gives a very admirable account of this 
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more recent and extremely important field of study. Since this 
is also the most promising line of advance in the investigation of 
disperse systems, Dr Rideal’s book can be most warmly recom- 
mended to all who are interested in colloid physics and chemistry. 
In the last two chapters the author gives a good introduction to 
the principal facts and theories of what is usually understood 
t6-day as colloid chemistry, so that the reader is fully supplied 
with everything that is necessary for a thorough understanding 
of this subject. Every student and investigator of surface and 
colloid phenomena owes Dr Rideal a warm debt of gratitude for 
his admirable survey and presentation of a great and rapidly 
advancing field of physico-chemical science. 

F. G. D. 
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T he essential differences between the properties of matter 
when in bulk and in the colloidal state were first described 
by Thomas Graham. The study of colloid chemistry involves a 
consideration of the fonn and behaviour of a new phase, the 
interfacial phase, possessing unique properties. In many systems 
reactions both physical and chemical are observed which may 
be attributed to both bulk and interfacial phases. Thus for a 
proper understanding of colloidal behavioixr a knowledge of the 
properties of surfaces and reactions at interfaces is evidently 
desirable. 

Whilst the conditions , of equilibrium for such systems were 
clearly enunciated by J. Willard Gibbs and Sir J. J. Thomson 
a great impetus was given to the subject by supplementing the 
formal thermodynamic treatment with a clearer visualisation of 
the molecular structure of surfaces by Sir W. B. Hardy and 
I. Langmuir. 

In this monograph an attempt has been made to present the 
subject from this point of view, and whilst the text is admittedly 
incomplete as a compendium on colloid chemistry yet it is hoped 
that the elaboration of the physics and chemistry of these 
degraded two-dimensional systems may prove of value to those 
concerned in problems of colloidal behaviour. 

I wish to thank Professor F. G. Donnan for his stimulating 
interest, and to express my gratitude for the great assistance 
given me by Mr M. T. Sampson, Mr R. K. Schofield and Mr A. P. 
Cary who have been engaged in investigations on the properties 
of surfaces in this laboratory. But for their interest and labour 
this book would never have been planned and written. 


ERIC K. RIDEAL 
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CHAPTER I 

THE SURFACE TENSION OF LIQUIDS 

1. The existence of surface phases. 

It has been found that where one distinct phase adjoins another 
there exist conditions which distinguish the behaviour of a thin 
layer of matter at the boundary from that of the general mass in 
either of the homogeneous phases which bound it. Under certain 
circumstances at least, and perhaps always, the boundary is not 
simply a geometrical surface upon one side of which there is one 
phase of uniform properties and on the other a second phase, 
everywhere distinct from the first and homogeneous in itself: 
nor, again, do the contiguous phases shade, as might equally well 
be supposed, rapidly but continuously one into the other, so that 
the boundary would have to be considered as a more or less 
arbitrary mathematical dc^finition rather than a physical entity : 
it lies in a film or lamina of finite though minute thickness con- 
sisting of an entirely new phase of definite and measurable 
properties. To this phase our attention will be given in the 
following pages. It will be seen that two of its dimensions may 
be varied at will, like those of a phase in bulk, while its third 
dimension, which lies at right angles to the plane of the lamina, 
is fixed: if in any way it be altered, a new superficial phase is 
formed. 

A number of different types of such interfacial phases must be 
considered when dealing with bulk phases in their different 
physical states. Of special importance are the interfaces formed 
by contact of a bulk liquid with gaseous, liquid and solid phases 
whilst the problems connected with heterogeneous catalysis 
necessitate an examination of the properties of the solid-gas 
interface. 

The mathematical treatment of surfaces was developed much 
earlier than the direct examination of superficial films. It is 
based primarily upon the observed tendency of a volume of 
liquid to adopt when unconstrained a shape with a minimum 
surface. The property of having a minimum surface for a given 
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volume is possessed by a sphere, and this shape is assumed by 
a free body of liquid. A falling raindrop is spherical : upon this 
fact indeed is based the theory of the rainbow. In Plateau’s 
beautiful experiment a drop of oil is formed in an aqueous solu- 
tion of the same density by means of a tube dipping below the 
surface. The drop grows to any desired size, and when detached 
from the tube and floating without influence of gravity it 
assumes a spherical shape. If distorted it will vibrate about its 
spherical figure of equilibrium. Upon any sufficiently small drop 
the influence of gravity, which increases, with the cube of the 
radius, becomes negligible in comparison with the surface forces 
which depend on the square of the linear dimensions, so that 
dew-drops on spiders’ webs or beads of liquid on the leaves of 
plants are almost spherical. If the surface is partly constrained 
it will adopt the least superficial area consistent with the con- 
straint. This fact may be well illustrated by stretching a soap- 
film on a wire frame-work. A loop of cotton may be laid on the 
film, which is then broken within the loop ; the outer part of the 
fiOlm drags out the cotton until its shape is circular and the film 
area has thereby become a minimum. By using several cotton 
threads knotted together we may vary this experiment as we 
please, always obtaining a figure of minimum surfaces. This fact 
has been applied practically to the design of structures. 

A liquid thus behaves rather as if it were surrounded by an 
elastic skin with a tendency to contract. In a soap -film the force 
of contraction may be measured directly by suspending from a 
balance-pan a light square framework hanging in a vertical plane 
so that the lower horizontal bar is immersed in a soap solution 
and the part between the surface and the upper bar is covered 
with a film. The film tends to contract and to pull down the 
balance-pan. The pull is proportional to the horizontal length of 
the film: it is found under ordinary conditions to be about 
23 dynes/cm. for each side of the film. The quantity thus 
measured is named the surface tension and may be defined as 
the force exerted on a straight line of unit length in the surface, 
in a direction parallel to the surface but perpendicular to the 
line. Imagining the length of the line and its proportional 
tension to diminish indefinitely, we arrive in the limit to the 
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conception of surface tension at a point on the surface. The 
quantity, surface tension, will be denoted by the symbol a. The 
usual unit is one dyne per cm. : in older works however one mgm. 
weight per mm. is used, a unit 9-81 times as great. 

There is another point of view from which it is often useful to 
regard surface phenomena. If the surface of a soap -film in a 



wire frame is increased by moving outwards against the tension 
one side of the frame, a quantity of work must be done against 
the surface tension equal to the product of the surface tension 
and the increase of area. A definite quantity of potential energy 
is thus bound up with each unit of surface. The numerical value 
of the surface energy defined as energy per unit surface is clearly 
the same as that of the surface tension. The dimensions in each 
r^dassl 

case are ^ • Since the potential energy of the system tends 

to a minimum, the surface must contract to a minimum area: 
we are thus led to the same result as before. 

It is important to observe that the surface energy o- is a 
quantity of the kind called ''free energy” by Gibbs and Helm- 
holtz. It does not represent the whole of the energy expended 
when a fresh surface is formed. If the extension of surface takes 

place adiabatically, a quantity of heat — T ^ is absorbed from 


the interior, which is thereby somewhat cooled. Allowing for 
the additional energy, which may be called the latent heat of 
surface formation, introduced to compensate for this cooling 

effect, the total energy per unit of fresh surface is cr — : 


this quantity is known as the Total Surface Energy: (u). We are 
as a rule more concerned with the free surface energy, and the 
latter quantity will be understood when for shortness the term 
“surface energy” is used. 
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2. The surface energy of liquids. 

In the previous section we have noted that in the formation of 
an interfacial phase energy must be expended and that the free 
surface energy of an interface is related to the total surface 
energy by the Gibbs-Helmholtz equation 


a 


u = T 


d(T 


thus the total interfacial energy may be determined from 
measurements of the free surface energy and the temperature 
coefficient of this quantity. Whilst computation of the surface 
energy for interfaces between solids and liquids or gases is a 
difficult matter, in the case where both the bulk phases are 
mobile, such as at liquid-gas or liquid-liquid interfaces, the value 
of the interfacial surface tension or free surfaee energy is readily 
determined. 

The methods of measurement of the surface energy of liquids 
may be divided into two classes, the static and dynamic methods. 
In general, for pure unassociated liquids in contact with their 
vapour alone, the values of the surface energy determined by the 
two methods do not differ beyond the range which may be 
attributed to experimental error. In other cases, however, 
marked divergence between the values obtained by the two 
methods is to be noted. This divergence is, as we shall have 
occasion to note, due to the comparatively slow rate of attain- 
ment by diffusion of equilibrium in the surface phase of solutions. 

The static methods include the following : 

(^1) The rise or fall of liquid in a capillary tube or between 
plates inclined at a small angle. 

(2) The weight of drops falling from a circular tube. 

(3) The maximum pressure within a bubble of gas in the 
liquid. 

(4) The measurement of the dimensions of curved liquid sur- 
faces or bubbles. 

(5) The direct pull of a soap-film or ring from off the surface 
of a liquid. 
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(6) Langmuir’s differential method for thin insoluble films on 
liquid surfaces. 

Whilst the dynamic methods include 

(7) The ripple method. 

(8) Vibrating jets of fluid. 

(9) Vibrating drops. 

(10) Rate of flow of liquids in capillary tubes. 

These methods are capable both of endless variations to suit any 
particular set of circumstances and of numerous modifications 
limited only by the ingenuity of the experimenter. 

3. The angle of contact. 

Whilst certain of these methods involve measurements only at 
the liquid-vapour or liquid-liquid interfaces involved, in the 
static methods we must usually consider, besides the interfacial 
energy of the two fluids, that between each of them and a solid. 

There is at present no means of measuring satisfactorily the 
energy at any solid surface, but the two energies of this kind may 
be eliminated from the calculation by taking into consideration 
the ‘‘angle of contact” in the following manner. 



Let (1) and (3) represent two fluids in equilibrium on a solid 
(2), AD, AB the two solid-fluid and AC the fluid-fluid interface, 
the line AC forming an angle 0 with AB. This angle is called the 
angle of contact of the system. Then, since AC represents the 
equilibrium configuration of the system, we obtain 

0 'i 2 “h O'lS cos 0 = 0’23 (1)> 

where 0-12 represents the interfacial tension between the solid (2) 
and the first fluid ( 1 ), o-jg the fluid-fluid interfacial tension, and 0^23 
the interfacial tension between the second fluid and the solid. 
This expression was first obtained by Neumann. 
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If we denote by W the work required to separate the first fiuid 
from the solid perpendicularly to the plane of contact, then 


= ^23 + ai3— cri2 (2), 

a relationship known as the equation of Dupr6. 

From (1) and (2) we obtain the relationship due to Young: 

^ = ^i3(1 + cos6/) (3). 


If there be no adhesion cos^ becomes zero, whence W = 
whilst, as the adhesion of the liquid for the solid increases, the 
angle of contact diminishes until the point is reached where the 
work of adhesion of the liquid to the solid is equal to the cohesion 
of the liquid, or W = 2 o-i 3 , angle of contact vanishes. 

It is found that in a number of cases a solid surface can be 
prepared so that a liquid will wet it and wiQ slide freely over the 
surface : under these conditions the angle of contact is actually 
zero (Volkmann, Ann. der Physik, liii. 633, 1894; Carver and 
Hovorka, Journ. Inst. Metals, 1325, 1925). For determination 
of contact angles it is convenient to use surface tension measure- 
ments by two methods, of which one depends upon, and the 
other is independent of, the angle of contact. Such a pair of 
methods are the capillary rise and the bubble pressure methods. 
If the surface tensions as calculated by these two methods agree 
to within one part in 500, it may be concluded that sin 6 < 
or ^ < 7' of arc. This is true of most pure wetting liquids for 
which accurate values of a by two such methods are available. 
By various direct measurement methods Magie {Phil. Mag. 
XXVI. 150, 1888), Langmuir {Trans. Farad. Soc. xv. 62, 1920), 
Anderson and Bowen {Phil. Mag. xxxi. 143, 285, 1916) and 
Richards and Carver {J.A.C.S. XLm. 827, 1921) have likewise 
concluded that the angle of contact is zero under these conditions. 

A contact angle of zero or 180° implies that the liquid or 
gaseous surface is asymptotic to the solid at contact. In a 
capillary tube a liquid with zero angle of contact must therefore 
wet the tube to some distance above the visible meniscus. It is 
an experimental fact that, unless care be taken to observe this 
condition, erratic values for o- are obtained, no doubt because then 
the angle of contact does not vanish. A liquid with an angle of 
contact of 180° should similarly fail to wet a containing tube 
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until well below the meniscus : the column of liquid will then be 
shielded by a gas film from the glass tube until this film is 
squeezed out by the hydrostatic pressure of the column. A zero 
contact angle between a given liquid and solid is equivalent 
therefore to the spreading of the liquid over the solid in presence 
of the gaseous phase present. 

The true value of the angle of contact for fluids which do not 
wet surfaces in such a manner that the fluid can slide freely over 
the surface is not readily determined, for there are numerous 
sources of constraints which appear similar in kind to frictional 
resistance, precluding the possibility of arriving at the true 
position of equilibrium. Thus Quincke found that the angle of 
contact of mercury-air on a glass plate was initially 148° 55', 
but this value fell after two days to 137° 14'. We shall have 
occasion to revert to the problem of the determination of the 
angle of contact for non-wetting fluids in discussion on the 
methods of determination of the surface tension and in dealing 
with the properties of membranes. 

In the following pages a brief description of the more im- 
portant methods employed for the accurate determination of the 
surface tensions of liquids is given, whilst a very complete 
account can be found in Bull, No. 540, U.S. Bureau of Standards, 
compiled by N. E. Dorsey. 

4. The capillary rise method. 

Of the methods of measuring surface tension, that depending 
on the rise of a liquid in a capillary tube has been more widely 
used than any, with the possible exception of the drop-weight 
method. This is because, of all the static methods, of methods, 
that is, which give an equilibrium value for the surface tension, 
the conditions are the most clearly defined, and the calculations 
based upon them have a greater degree of certainty. It can be 
used equally at high and at very low temperatures: by this 
means Ramsay carried out determinations of the surface tension 
of organic liquids up to their critical points, and Kamerlingh 
Onnes that of hydrogen almost to its freezing point. 

When a glass capillary tube is dipped into water, the liquid 
rises in the tube above the general level of the water to a height 



s 


SURFACE TENSION OF LIQUIDS 


which is approximately in inverse proportion to the radius of the 
tube. We may explain this event somewhat as follows : Water 
wets glass ; it tends, that is, to spread over its surface and displace 
therefrom the air. In order that this may occur the sum of the 
surface energies involved must be reduced, and if nothing hinders 
(that is if the contact angle be zero), the water will continue to 
spread until all the glass is covered or all the water has been 
used to form a thin continuous film. When a vertical tube 
provides the surface over which the water must spread, we have 
however a balancing tendency due to the effect of gravity on the 
water raised up in the tube. If the tube is narrow enough, the 
rise of level is easy to calciilate from the principle of virtual work. 
Let cTj , <t 2 j ^ 1-2 represent the surface tension of water-air, glass-air 
and glass-water respectively. Imagine an infinitesimal rise of the 
liquid in the tube above its equilibrium position, without change 
of shape of the meniscus and therefore without altering the total 
free surface energy water-air. If h be the equilibrium height of 
the liquid, Sh the increase to this and r the radius of the tube, 
the surface glass -air will be diminished and the surface glass - 
water increased by an amount 27rr hh cm.^ The surface energy 
will thus be diminished by (erg — a^.g) 27rr8//. The potential 
energy due to gravity will at the same time be increased by 
gjrrVi (pi — Pg)^h, where pi, pg are the densities of water and air 
respectively. Since the resultant energy change must be zero, 

we have 2 i 7 r 87). = gmrVi, {p, — p,) 8h, 

. ^ 2 (gg — o-j.g) 

gr(pi-p„) ’ 

Now ag — cr^.g = o-j COS 6, where 6 is the angle of contact, 

_ 2<Ti cos 6 
gr^Pi — p„) ■ 

If the tube is not infinitesimal in radius, the calculation 
becomes more difficult, because we shall have to consider not 
only the form of the meniscus (in order to calculate its volume) 
but also the direction in which that form tends to change under 
the disturbance imagined. The general problem has been solved 
by Rayleigh (Proc. Roy. 8oc. A, xcn. 184, 1915) and by 
Verschaffelt (K. Akad. Amsterdam Proc. xxi. 366, 1919) for 
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sufficiently small tubes, with the result that if 6 denotes the angle 
of contact of the liquid with the wall of the capillary tube, then 
2a- cos 9 
9 (Pi 


50S 9 r r \ 

. = r\h-\- - sec® ^ ( 1 — sin ( 1 + 2 sin 9) + « r sec® 9 

— Pa) ^ S h 

1 + sin 9 


X |sec^ ^ ( 1 — sin ( 1 + sin 9+2 sin® 9) H- 2 log 
or, if the angle of contact be zero, 


- =r|A+ 0-1288 ’^"+0-1312 


ff(p 




The first expression holds, provided that the cube of rjh is 
negligible in comparison with unity, and the second if the fourth 
power of rfh is negligible. 

For very large tubes Rayleigh finds 

r V2 
a 

2a cos 9 


-In = 0-8381 + 0-2798 

hV2 r V2 2 a 


where a® = 


9 (Pi - P„) 

r V2 


This formula is accurate enough for any 


practical purpose if ~ > 6. 

For intermediate values of r/a, or for tubes of intermediate 
size, no general formula has been given. Bashforth and Adams 
have however published tables from which the form of any 
capillary surface may be calculated, and with the aid of these 
Sugden has further calculated a table of values of rjb for all 
values of r/a between 0 and 6 . b is here the radius of curvature 

at the crown of the meniscus, and, since h = . , 

9 iPi - Pa) ^ 

accurately, the capillary rise for a tube of any diameter may be 
calculated (Sugden, J.C.S. cxix. 1483, 1921; Bosanquet, Phil. 
Mag. VII. 296, 1928). This table is reproduced in part on p. 10. 

The capillary rise h, which has been discussed hitherto, is of 
course the height of the capillary meniscus above that of an 
unbounded expanse of liquid, whose level is therefore unaffected 
by surface tension. In practice it is not usually convenient to 
employ so large a quantity of liquid as is demanded by this 
condition, but instead two interconnected tubes, one of capillary 
and one of wide bore, are filled with liquid. The height h between 
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the two liquid levels is now the difference between two quantities 
\ and defined by 


and 

whence 


_ 2a cos B 

Pa) W 


hn 


2a COS B 


9(Pi- Pa) W 
7 , , 2a COS B /I 



r 

a 

r 

b 

r 

a 

r 

b 

0 

1 

0 

1 

0*1 

•9968 

0-9 

•7875 

0*2 

•9869 

10 

•7490 

0-3 

•9710 

1-5 

•5545 

0-4 

•9498 

2*0 

•384 

0-5 

•9236 

3 

•149 

0-6 

•8936 

4 

•056 

0-7 

•8606 

5 

•020 

0-8 

•8249 

6 

•006 


To obtain reliable results it is essential in the first place to 
ensure purity of the liquid and absolute cleanliness of the 
apparatus, especially from oily or greasy matter. The latter can 
most readily be removed by treating the apparatus, after pre- 
liminary cleansing, with warm aqua regia or chromic acid, and 
finally steaming for about half an hour. The apparatus should 
therefore be designed to facilitate this thorough cleaning. These 
conditions of course apply equally to any method of measuring 
surface tensions. 

The diameter of the capillary tube must be known with 
accuracy and the cross-section must be ‘truly circular. It is not 
as a rule easy to obtain tubing of uniform circular bore*, but in 
default of time for the tedious process of calibrating tubing the 
difficulty may be overcome by the following method due to 
Ferguson (Proc. Phys, Soc, xxxvi. 37, 1923) : Lengths of capillary 
tube are examined under a micrometer until one is found whose 

* Harkins tested several hundreds of feet of tubing before finding a length 
suitable for this purpose. 
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end cross-section is circular. This tube is then used so that the 
measured end dips downwards into the liquid; the upper end, 
instead of being open to the atmosphere, is connected to a source 
of pressure and a manometer, and the meniscus is forced down 
until its lowest point is level with the end of the tube, so as to 
be observed at the only point where its curvature is accurately 
known. If then p be the pressure in dynes/cm.^ recorded by the 
manometer, we have 

2<7 cos ^ (^ - ^) = 9h (Pi - />„) + p. 

The first term may now be negative. 

In Ramsay’s experiments the forms of apparatus used were 
capable of sustaining pressures up to 100 atmospheres. The wide 
and narrow tubes were concentric : the wide tube was therefore 
annular in shape, and the allowance for the capillary rise in it 
becomes difficult to calculate. Ramsay did not make a sufficient 
allowance for the rise in the annular tube and in consequence all 
his values, and those of later workers who have adopted his 
figures for purposes of calibration for surface tensions, are too 
low. Sugden has used an approximate method of correcting for 
the rise in the annulus, in which he considers a capillary tube of 
circular bore which gives an identical rise at a particular tem- 
perature and for a particular liquid, and assumes that the rise in 
the two tubes will be the same for all other temperatures and 
liquids. By this means he has, with the help of later measure- 
ments, corrected all Ramsay’s values for which sufficient data 
are given in the original papers. 

Modifications of the method. 

Instead of a capillary dipping into a large vessel of liquid, we 
may reduce the quantity of fluid needed and simplify the 
measurement of the height h by using a U-tube of which one 
branch is of capillary and the other of wider bore. The difference 
h of height between the liquid in the two branches can then bo 
easily read by means of a cathetometer or found by a slight 
modification of Ferguson’s method. 

Again, the case of two parallel plates dipping vertically or in- 
clined at a slight angle at a short distance apart in the liquid 
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closely resembles that of the capillary tube and has been used by 
Quincke and Volkmann. 

For the case of the parallel plates the equation for the surface 
tension is approximately 

_ dhgjpi- Pe) 

2 ’ 

where d is the distance between the plates. This method com- 
pares unfavourably with the preceding ones, owing to greater 
difficulties of adjustment, the necessity for using optically plane 
glass, and larger quantities of liquid. 

In the determination of the surface tension of a liquid by 
means of the capillary tubes a knowledge 
of the angle of contact is necessary. 

Sentis (Journ. de Phys. 2. vi. 571, 1887 ; 
ibid. 3. VI. 183, 1897) has modified the 
capillary tube method in such a way as 
to eliminate the necessity for this obser- 
vation. The liquid is introduced into a 
vertical capillary tube until a drop is 
formed at the lower end of maximum 
diameter 2r ; the drop is supported by 
the surface forces and the liquid column 
in the tube is at a point h. A free sur- 
face of the liquid is now brought up 
from underneath until it just touches 
the drop at B and the column in the 
capillary tube falls. The free surface is 
now raised to A until the liquid in the 
tube rises to its original position h. If the distance the liquid 
is raised from B to A he. x, then 

. =r [ 2 ; + ^- 0-1288-“+ 

(Pi-Pa)U L 3 X Va:Vj 

5. The drop weight method. 

The method of measuring the surface tension of a liquid from 
the weight of a drop formed slowly and allowed to drop from a 
tip ground plane and with a sharp circular edge, has fre- 
quently been employed owing to the simplicity of the method. 
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The experimental difficulties to be overcome in order to obtain 
reproducible results consist in great measure of ensuring that the 
drop shall be allowed to form on the tip, which the liquid must 
wet uniformly, so slowly that it is practically in static equilibrium 
at the moment before it is detached. Loss by evaporation from 
the receiving vessel may thus be an important factor for which 
correction must be applied. Again, for many solutions the rate 
at which the gas-liquid interface attains equilibrium is extremely 
slow; this is especially true for many solutions of biological 
importance which contain materials of low dilfusivity. Thus it 
may be necessary to permit a drop to hang under conditions 
approaching its maximum size for several minutes to ensure the 
attainment of such equilibrium. 

Tate (Phil. Mag. xxvii. 176, 1864) discovered empirically that 
the weight of a drop of liquid falling from the end of a tube was 
proportional to the radius of the tube and the surface tension of 
the liquid. 

The theoretical formula for the maximum weight of a cylin- 
drical drop hanging from a tube in equilibrium was shown to be 

W = 2'TTra — Trr^a = irra 

by Worthington (Proc. Roy. Soc. xxxii. 362, 1881; Phil. Mag. 
1884, 1885) and Rayleigh (Phil. Mag. XLviir. 321, 1899). 

Rayleigh showed, however, that in practice this equation 
required modification, and found for tubes of moderate radius 
that a better agreement was obtained by the relationship 

3-8r(7. 

For very small or very large tubes, however, the value of the 
“constant” 3*8 rises well above 4. 

Morgan and his co-workers (J.A.C.S. 1908-1913) have pub- 
lished a number of papers in support of “Tate’s laws,” claiming 
that under suitable conditions W = Kra, where is a constant. 
This view, however, cannot be substantiated. 

This variation is of course due to the fact that the actual de- 
tachment of the drop is an extremely complicated dynamical 
process (cf. Perrot, J. Chim. Phys. xv. 164, 1917), and that 
during the growth and detachment of the drop the sides of the 
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cylinder of emerging liquid commence to curve ; at the moment 
of detachment, as Freud and Harkins point out (J.P.C. xxxni. 
1224, 1929), the correct equation for the weight of the drop 
should be 


W — 27rra — 




where 8 is this second curvature. 

Visual observation indicates that the curvature of s has the 
opposite sign from r and is numerically almost equal to it. If 
these conditions were strictly valid during the process of detach- 
ment, we should obtain W = ^irra 


for the weight of the ideal drop. 

In practice the changing contour of the drop with its size 
renders the determination of the curvature of the drop at the 
point of contact with the tip a difficult matter, and in actual 
practice an empyric factor has been introduced by Lohnstein 
(Zeit, Physikal. Chem. LXiv. 086, 1908). This factor is dependent 
on the radius of the tip, and the nature of the liquid under 
investigation. The Lohnstein correction in its final form is 

accordingly .r . -2a 

W = 27rr at where - . 

•'a gp 

This function is found to be approximately a cubic function of 

T T 

- , being unity when ~ approaches 0, falling to a minimum of about 
0*6 when ^ = 1*1 and rising thereafter continuously. Harkins 

and Brown {J.A.C,S, xu. 499, 1919) have made an extensive 
series of accurate determinations of the Lohnstein correction for 
tips of various radius, and the various theories as to the 
theoretical significance of the correction term have been noted 
by Freud and Harkins {loc. cit.), and by Palitzsch. (Zeit, 
physikal. Chem. cxxxviii. 399, 1928). 

Iredale {Phil, JHag. XLV, 1088, 1923) has made use of an ex- 
pression based on the fact that different liquids may form drops 
of similar shape from tubes of different diameters. From this 
and from the assumption that rupture occurs at the point of 
maximum concavity, the equation 

^2 Pi 
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is developed, where o-j , o-g and pi , are the surface tensions and 
densities respectively of two liquids and K is the ratio of the 
radii of the tubes from which symmetrical drops hang. All that 
is required for the practical determination of surface tension 
from this formula “is a knowledge of the tube radius and drop 
radius ratio, with a continuously varying radius of tube, for 
some standard liquid of known surface tension and density” 
(Iredale, loc. cit.). 

From the data of Harkins (loc. cit.) on the drop weights of 
water from tubes of varying radius we obtain the following 
data for the radius of drops of water formed at tips of various 
sizes : 


Tube radius r 
in cms. 

Drop radius r' 
for water 

r 

7' 

•09946 

•1998 

•4977 

•14769 

•2238 

•6603 

•19666 

•2425 

•8112 

•2.3790 

•2555 

•9863 

•27605 

•2669 

1035 

•29694 

•2727 

1-088 

•32362 

•2797 

1-157 

•37964 

•2938 

1-289 

•44755 

•3103 

1-442 

•55009 

•,3361 

1-643 

•65031 

•3581 

1-816 

•72229 

•3744 

1-929 

•77329 

•3829 

2019 

•84892 

•3888 

2-184 

1-0028 

•3900 

2-571 


With the aid of this table and the equation of symmetry we 
are in a position to calculate the surface tensions of other liquids 
from a knowledge of the drop weight and the tip radius alone. 
The following example given by Iredale may be cited. 

The weight of a mercury drop detached from a capillary tube 
of radius 0-0852 cm. was found to be 0-1794 gm. Since p = 13-53 
for mercury, the radius of the mercury drop is 0* 1469 cm. Hence 


_r 0-0852 
P 0-1469 


0-5801. 


iVom a graph constructed from the table above we find that the 
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tube radius required to give a drop of water of the same charac- 

T 

teristic ratio -7 would be 0*1239 cm. Hence 
r 

^ _ ^0862 
^ “ 0*1239’ 

also cth.o ~ 72*80 and Ph,o ^ 0*998; whence 
K^p a 

= = 466 dynes per cm. 

Many modifications of the drop weight method have been 
utilised in practice. 

Instead of measuring the weight directly we may calculate it 
from the volume and the density : the drop volume method has 
been applied by Harkins chiefly to the measurement of the 
tension between two liquid phases, and it probably falls little 
short in accuracy from the previous method. More frequently it 
has been modified, especially for biochemical purposes, as a drop 
number method: that is, a known volume of liquid is allowed to 
flow out of a tube, and the number of drops formed is compared 
with that formed by a standard fluid. This method is necessarily 
very rough. 


Bubble pressure. 


By reversing the position of liquid and gas assumed in the 
preceding section we obtain the bubble pressure method. The 
theory corresponds closely with that of the drop weight and has 
been developed by Cantor, Feustel and Schrodinger {Ann. d. 
Physik, XLVi. 413, 1915). 

The equation derived is 



2rp 

3 p 


6 


j’ 


where p is the maximum pressure, and r is now the internal 
radius of the tube. 

The experimental method has been most carefully worked out 
by Jager {K. Akad. Amsterdam Proc. xvn. 521, 1914), in re- 
searches extending over a very wide temperature range. The 
liquid under investigation is contained in a long narrow bulb 
through which a tube of glass or platinum is sealed at the top 
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and dips into the liquid, while a second tube is sealed on at right 
angles near the top. The upper tube is connected to a reservoir of 
pure nitrogen and to one arm of a manometer whose other arm 
is in connection with the tube. This method of course gives the 
surface tension of the liquid against nitrogen saturated with its 
vapour: and probably differs little as we shall see (pp. 76-77) 
from that against the pure vapour. Brown {Phil. Mag. xxxix. 
1049, 1928) has found this method the most reliable for the 
determination of the surface tension of mercury. 

This method undoubtedly has the widest application of any 
yet employed, and is at the same time accurate. Among other 
workers who have used it are Cantor {Wied. Ann. xl.vti. 399, 
1892), Forch {Ann. Phys. u. Chem. LXVIII. 801, 1899), Jagcr 
{Zeit.f. anorg. u. allgem. Chemie, ci. 1, 1917), Linebarger {J.A.C.8. 
XXII. 5, 1900), Whatmough {Zeit. physikal. Chem. xxxix. 129, 
1902), and Somerwald and Drath {Zeit. amyrg. Chem. CLiv. 79, 
1926). Sugden {J.C.S. cxxi. 858, 1922) has also extended the 
method for wide tubes by computing a correction table based 
upon the data of Bashforth and Adams. 

The Method of the Sessile Drop. 

In this method either the form of a drop of liquid resting upon 
a horizontal surface or of a bubble of gas formed under such a 
surface is studied. 



The conditions of equilibrium have been investigated by 
Quincke {Ann. d. Phys. cv. 38, 1858), Magie [Phil. Mag. xxvi. 
162, 1888), Ferguson {Phil. Mag. xxv. 507, 1913), and 

Verschaffelt {Koninkl. Akad. Amsterdam Proc. xxi. 836, 1919). 
The surface tension of the drop forming liquid is related to the 
form of the drop by means of the equation 

{Pi — Pb)9 L \(Pi—Pb)9/ Iio^\{Pi — Pa)9 

where h is the distance from the vertex to the plane of maximum 
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horizontal diameter equal to 21 and Eq is the radius of curvature 
at the vertex of the drop of bubble and is approximately equal to 

( y ' 

D \(P| Pq)9/ - V^g/(pi - P.) g 

M6V7 ® 


In general the term containing Rq is extremely small and can 
be neglected. 

If the surface tension be expressed in terms of the angle of 
contact, we obtain 

2a / . 3^ \ 

2 cos 2 SZ^cos^ 

( 2 ). 

From both ( 1 ) and ( 2 ) the angle of contact can be determined. 

Dorsey {J. Wash. Acad. Sci. xviii. 505, 1928) employs with the 
aid of tables computed by Bashforth and Adams (An Attempt to 
test the Theories of Capillary Action, 1 883) an equation of the form 

—j—- = Z* [— - 0-12268 4- 0 - 0481 / 1 , 

g{pi-p«) L / J 

where /= — 0-4142; l^ and h^ corresponding to the half 

width and depth of a drop to a plane parallel to thq^ resting 
surface so that a tangent to the drop surface makes an angle of 
66 ® with the plane. 

This equation is claimed to be accurate to at least 0-1 % if 

lies between 1-8 f— 7 — —— and 10 7 — (for water 

\g(Pi-Pa)^ \9(Pi-Pay 

at room temperatures 21 would =1*7 cm.). 

As a rough approximation the term in brackets in ( 2 ) can be 
equated to unity and we obtain 2cos*|= l + cosfl. 

Thus from a knowledge of the lens thickness H and of the surface 
tension a, an approximate value of the wetting angle may be 
determined. 

Bashforth and Adams (An Attempt to test the Theories of 
Capillary Action, 1883) studied the effect of increasing the 
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drop size and found that H approached constancy as the drop 
increased in radius from 0-2 to 0*4 cm. Drops of 0*75 cm. radius 
are a convenient size. 

The method has been employed by Siedentopf {Wied, Ann. 
LXI. 236, 1897) and Langmuir {Trans. Farad. Soc. xv. 10, 1920), 
who used the approximate equation given above. The lens size 
varied from 1*5 to 2-5 cm. in diameter and some of the values 
obtained by Langmuir are given in the following table: 


Surface 

Angle of contact 

Water 
a = 72-8 

Water saturated 
with oleic acid 
a = 42-8 


o 

O 

Mica 

18 

24 

Quartz 

— 

31 

Glass 

45 

42 

Platinum 

65 

72 

Calcite 

70 

— 

Sphalerite 

82 

82 

Galena 

86 

106 

Paraffin 

110 

— 


If cos 6 = 0 we obtain {pi — pg) gH^ = 20 -, a relationship em- 
ployed by Richards and Boyer {J .A.C .S. xliii. 274, 1921) and 
Iredale Mag. XDiv. 603, 1925) for the determination of the 

surface tensions of a number of liquids in the form of lenses on 
a glass surface. 

From what has been said, however, the ensurement of zero 
angle of contact even for liquids which really wet solids is a 
difficult matter and the method cannot be relied upon for the 
determination of surface tensions. In moving a lens of liquid over 
a surface with which it does not form a zero angle of contact it 
is found that the angles of contact of the receding and advancing 
portions of the lens are widely different. Thus Ablett {Phil. Mag. 
XL.VT. 244, 1923) found by a dynamic method for the angle 
between wax and water 96° 20' for the receding and 104° 34' for 
the advancing water solid interface, indicating from (1), p. 6, that 
the surface energy must be greater than 

air. Taking the surface tension of water as 74-3 dynes per cm. 
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in Ablett’s experiments, the increase in surface energy of the 
wax on wetting is some 21 dynes per cm. Sulman (Trans. Inst. 
Min. Met. Nov. 1920) has determined these extreme values of 
the angle of contact of water in contact with the fresh and with 
the previously wetted surfaces of a number of minerals ; some of 
his values are indicated below. 


Surface 

Contact angles 

Minimum 

Maximum 


O 

o 

Quartz 

19-5 

58-5 

Calcite 

39-6 

85-5 

Galena (1) 

350 

73-0 

(2) 

41*6 

700 

Iron pyrites 

25-5 

87-0 

Stibnite 

240 

62*8 

Garnet 

1 

58-2 

94-5 


Ferguson (Phil. Mag. xxx. 633, 1915 ; see also Nietz, J.P.C. 
XXXII. 255, 620, 1928; Bigelow and Hunter, J.P.C. xv. 367, 
1911) confirms Magie’s (Phil. Mag. Aug. 1888) results that the 
wetting angle which many organic liquids make with glass is not 
actually zero as is frequently assumed, but although small is 
finite and reproducible; he gives values of 16° for ether and 
17° for turpentine. 

The Anchor -ring Method, 

On account of its ease of manipulation, the measurement of 
the surface tension of a liquid from a determination of the 
maximum pull exerted at the moment of detachment of a thin 
ring of platinum from the surface has been frequently employed. 
The experimental apparatus usually employed consists essen- 
tially of a hanging platinum ring attached to a torsion wire or 
chainomatic balance. In speed it leaves nothing to be desired 
and in vessels of diameter wide relative to that of the ring 
reproducible results are readily obtained. This method is 
naturally only applicable to liquids which wet the wire. Whilst 
the equation employed by Timberg (Wied. Ann. xxx. 645, 1887) 
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and later modified by Nietz and Lambert {J.P.C. xxxiii. 33, 
1929) between the pull on the ring F, the radius/?, the wire 
diameter 28, the surface tension <t, and wetting angle 


( 1 + cos . <7 


F 

2itE + 27r (/? + 2S)’ 


is frequently employed, the results obtained are liable to be in 
serious error since the pull on the ring is affected in a more 
complex manner than that indicated by the simple equation, 
both by the radius and thickness of the ring wire. 

Sondhauss (Ann. Phys. Ghem. viii. 266, 1878) and Johlin 
(Science, xxiii, 93, 1926) have shown that rings of large diameter. 
(6 cm.) gave values somewhat higher than those of smaller 
diameter (4 cm.). Similar investigations as to the effect of wire 
diameter on the values obtained have been made by Edser 
(Fourth Repcyrt Coll. Chem. 284, 1922), Klopsteg (Science, lx. 319, 
1924), and MacDougall (ibid. LXiii. 93, 1926). Harkins, Young 
and Cheng (ibid. lxiv. 333, 1926) have shown that the actual 
volume of liquid ( F) lifted by the ring at the moment of detach- 
ment is an important factor to be considered for accurate de- 
termination of the surface tension, and have made a series of 
experimental determinations of the necessary correction factors 
showing the variation in F with i?®/F for different fixed values 
of the ratio 8//?. 

Cary and Rideal (Proc. Roy. Soc. A, Cix. 307, 1925) found that 
accurate comparable results could be obtained more readily by 
raising the ring to a definite height above the liquid surface 
without fracture of the ring of liquid adhering to the ring than 
by actually pulling the anchor ring from off the surface. 

Verschaffelt (Koninkl. Akad. Amsterdam Proc. xxi. 836, 1919) 
has examined the problem of the pull exerted on a thin ring of 
rectangular cross section, and the general theory of the process 
of detachment has been investigated by Lenard (Ann. d. Physik. 
Lxxiv. 381, 1924) and Tichanowsky (Physik. Zeit. xxv. 299, 
1924; XXVT. 522, 1925). 


6. Dynamic methods. 

Two dynamic methods have been developed for measurement 
of the surface tensions, the method of ripples first employed by 
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Rayleigh {Phil. Mag. (5), xxx. 386, 1890) and the vibrating jet 
method developed by Bohr {Phil. Trans. A, ccix. 281, 1909). 

In the ripple method a series of ripples is caused to travel over 
the surface of the liquid, the ripples being formed by means of 
an oscillating glass plate attached to an electrically driven 
tuning fork dipping into the liquid. If viewed by means of inter- 
mittent illumination conveniently arranged by periodic inter- 
ception of the light by interposition of a screen attached to one 
limb of the fork, apparently stationary waves may be observed 
and the mean wave length readily determined. 

The velocity of propagation of the ripple depends on the 
surface tension of the liquid. Kelvin {Phil. Mag. (4), x l ti . 362, 
1871) and Rayleigh {Phil. Mag. xxx. 386, 1890) showed that 
the velocity of a ripple moving over a horizontal layer of liquid 
of surface tension <t was expressed by means of the equation 




Xg 2ncT 

277 Xp ^ 


where A is the wave length of the ripple. 

If the time of vibration of the tuning fork be t, then 


r = 


A 


whence 



The method has been employed by Dorsey {Phys. Rev. v. 213, 
1897) and Griinmach {Ann. d. Physik, xxxviii. 1018, 1912) for 
the determination of the surface tension of a number of salt 
solutions. Measurements must not be made too near the wave 
generator. Dorsey advises a distance of not less than 3*6 cm. 
It will be noted that cr is dependent on the cube of the wave 
length, a factor militating against the general adoption of this 
method for the accurate determination of the surface tension. 
Again it is a difficult matter to decide how far such a method 
really yields a true value for the dynamic surface tension. 


* xr 1 • » 4.* (Pi + P 2 ) 4 . 1 . (pi — p«) grA® , 

♦ Kelvin’s equation a «= ■ ■ ^ ■ ■ coth ^ ' " " 4^ Pi, Pa are 

the densities of the two fluids on each side of the interface and I the depth of 
the liquid, is applicable in shallow troughs. 
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As we shall have occasion to note in dealing with solutions, the 
composition of the surface phase is very difiEerent from that of the 
bulk liquid. When a liquid interface is newly formed the system 
is unstable until the surface phase has acquired its correct excess 
or deficit of solute by diffusion from or into the bulk of the 
solution. This process of diffusion is by no means instantaneous 
and, as has been observed in discussing the drop weight method, 
several minutes may elapse before equilibrium is established. In 
the ripple method the surface is not renewed instantaneously 
but may be regarded as undergoing a series of expansions and 
contractions; thus we should anticipate that the value of the 
surface tension of a solution determined by this method would 
lie between those determined by the static and an ideal dynamic 
method respectively. 

More closely approaching the conditions desirable for deter- 
mining the true dynamic surface tension is the vibrating jet 
method. 

If a stream of liquid be forced through a small jet of elliptical 
cross section, it will be observed that the issuing jet is in apparent 
vibration and forms a series of nodes equidistant from one 
another. From a determination of the wave length of the vibra- 
tion, a measurement which can be made with some accuracy 
provided that the stream of liquid issues at a constant speed, the 
surface tension of the liquid may be determined by means of the 
following equation developed by Bohr {Phil. Trans. A, ccix. 281, 
1909). 

If V be the velocity of outflow, ^min. semi-major and 

minor axes of the jet, a the mean radius, ~ the ampli- 
y, y, a 

tude = - — , p the density of the liquid and a its surface 

^max. “1“ ^min. 

tension, the density of the gas above the liquid, A the wave 
length, and rj the viscosity of the liquid, Bohr showed that 


<r= V*a»(/J + Pi) 



1 -f 

? 7 | 

24' 

(!)“■ 

1 

[^6+10 

(t) 

|V2-6( 

'na\* 

:x)_ 


. 1 + 


rjX 

pva^TT 




The term ^ however, even in 23 % cane sugar 



24 


SURFACE TENSION OF LIQUIDS 


solution, is only 1*0002 and can therefore be considered as 
unity. 

This method has been employed by Schmidt (Zeit. Physikal. 
Chem. XXXIX. 1108, 1912) for determining the surface tension of 
amalgams and by Stocker (Zeit, Physikal. Chem. xciv. 149, 1920) 
for solutions with satisfactory results. 


The determination of surface tensions at high temperatures. 

The method of the sessile drop has been applied by several 
investigators, notably Quincke (Pogg. Ann. cxxxiv. 356, 
1868; cxxxv. 261, 1869; cxxxvm. 141, 1870; cxxxix. 1, 1871), 
Siedentopf (Ann. d. Phys. LXI. 235, 1897), and Heydweiller 
(Ann. d. Phys. Lxn. 694, 1897; lxv. 311, 1898). On account of 
the lack of knowledge both of the contact angles and of the 
changes in shape on solidification, the results of this method 
cannot be claimed as very accurate. 


Metal 

Tempera- 
ture ° C. 

a dynes 
per cm. 

Metal 

Tempera- 
ture ° C. 

a dynes 
per cm. 

Tin 

299 

627 

Bismuth 

300 

388 


401 

626 


400 

380 


600 

625 


600 

367 


800 

620 


962 

340 


964 

514 

Cadmium 

330 

670 

Lead 

380 

453 


400 

597 


400 

446 


500 

591 


600 

436 


600 

585 


800 

425 

Antimony 

640 

380 


982 

414 

700 

349 





800 

346 





970 

342 


Griinmach (Ann. d. Phys. Iii. 660, 1900) has employed the ripple 
method, whilst Smith (Jour. Inst. Met. xiii. 168, 1914) measured 
the capillary depression of the metal in a carbon tube and 
assumed in all cases that the angle of contact was 180° C. More 
aiccurate results have been obtained by Jager’s method of 
maximum bubble pressure employed by Hogness (J.A.C.S. 
xurr. 1621, 1921) for the metals mercury, tin, lead, bismuth, 
cadmium and zinc, and by Bircumshaw (Phil. Mag. i. 342, 
1926). Fused silica tubes are employed, two tubes of different 
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radii being immersed in the liquid metal to the same depth and 
the surface tensions calculated from the difference in pressures 
necessary to evolve a constant but slow stream of bubbles of 
hydrogen from their orifices. Some of Bircumshaw’s values are 
given above. 

Static and dynamic surface tension. 

The static methods of measuring surface tension lead to values 
of this quantity for a surface which has been in existence for a 
considerable period of time, varying from a minute or less, when 
the drop -weight method is used upwards. The different static 
methods appear as a rule to lead to similar results for the surface 
or interfacial tension of the same liquid. Dynamic methods 
measure the tension of a surface which must necessarily have 
existed for a much shorter period of time before the determina- 
tion: for example, in the vibrating jet method the age of the 
surface may be as little as 0*01 second, while by a modification of 
the capillary rise method due to Lenard and His {Heidelberg 
Akad. Wiss. xxvm. 16, 1914), the tension may be investigated 
of a surface whose age is not more than 0-001 second. The 
dynamic methods give rise to results which differ more among 
themselves than from those of static methods, and it is natural to 
assume in explanation of this difference that the equilibrium 
conditions at the surface have not in all cases been obtained. 
Further work on the dynamic surface tensions of associated 
liquids, such as water examined by Lenard {loc. cit.) and Schmidt 
and Steyer {Ann. d. Phys. Lxxix. 442, 1926), see also Klein- 
mann {ibid. lxxx. 245, 1926), and of solutions containing solutes 
of varying diffusivity, should throw light on the important 
question of the rate of attainment of equilibrium in the surface 
phase. 

7. The total surface energy. 

The relationship between surface tension and temperature 
leads to a series of interesting results bearing upon chemical 
constitution and the structure of the surface layer. As we have 
seen, the surface tension is numerically equal to the free surface 
energy from which with the aid of the temperature coefficient the 
total surface energy may be obtained. 
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In the following table a few values of the free surface energies 
and the temperature coefficients are given. 


Liquid 


da 

~ It 

Water 

75-87 

0-1511 

Carbon disulphide 

37-71 

0-1607 

Mercury ... 

480-30 

0-2330 

Hexane ... 

21-31 

0-1039 

Octane ... 

23-36 

0-0920 

Chloroform 

28-77 

0-1134 

Phenol 

42-27 

0-1050 


Since is always negative for pure liquids, the total surface 

energy is greater than the free energy ; moreover, as the surface 
tension decreases roughly in a linear manner with elevation of 
the temperature, the total surface energy remains approximately 
constant over a considerable temperature range and is a con- 
venient quantity to use in the comparison of the surface be- 
haviour of different liquids. 

As examples of the magnitude of variation in the free surface 
energies and the approximate constancy of the total surface 
energies, the following data for benzene (Whittaker, Proc. Roy. 
Soc. A, Lxxxi. 21, 1900), mercury and carbon tetrachloride 
(Harkins and Roberts, J.A.C.8. xliv. 656, 1922) may be cited 
(see tables, p. 27). 

A critical examination of the total surface energies of various 
liquids has been made by Langmuir and Harkins. It is found 
that the surface energies of the aliphatic hydrocarbons are 
mainly independent of the length of the hydrocarbon chain, 
whilst the surface energies of the alcohols are but slightly larger 
than those of the corresponding hydrocarbons. Langmuir in his 
investigations on the behaviour of thin films of insoluble fatty 
acids and alcohols on the surface of water (Ch. m) came to the 
conclusion that such molecules were orientated in the surface 
with their hydrocarbon chains in the gas phase and their polar 
carboxyl or hydroxyl groups in the water phase. If we assume 
a similar orientation of the surface film of a homogeneous liquid 
and that the surface energy is defined by the nature of the surface 




TOTAL SURFACE ENERGY 


27 


film alone, the experimental facts may be interpreted at least in 
a qualitative way. For hydrocarbons will expose the methyl 
groups at the ends of the chains to the air, whilst fatty acids and 
alcohols will likewise possess a surface layer of CH 3 groups, the 
polar — COOH and — OH being immersed in the bulk of the 
liquid. We thus arrive at a hypothesis as to the structure of the 
surface phase for pure liquids, that it consists of a layer of 
orientated molecules with the active portions of the molecule 
drawn inwards and that the total surface energy is determined 


Mercury 

Temp. 

°K. 

a ergs 
per sq. 
cm. 

da 

dT 

U ergs 
per sq. 
cm. 

313 

479*7 

- *233 

552*6 

363 

468*0 

- *233 

552*6 

413 

456*4 

- *233 

552*6 

443 

449*4 

-•233 

552*6 

Carbon tetrachloride 

313 

24*41 

- *117 

60*87 

413 

12*22 

- *103 

64*80 

463 

7*28 

- *095 

61*26 

503 

3*56 

- *087 

47*30 

523 

1*93 

-•076 

41*68 

533 

1*20 

- *067 

36*91 


Benzene 

Temp. 

°K. 

a ergs 
persq. 
cm. 

da 

Wt 

U ergs 
persq. 
cm. 

363 

20*28 

- 0*111 

69-6 

363 

19*16 

-0*113 

60*2 

373 

18*02 

-0*115 

60*9 

383 

16*85 

- 0*1155 

61*1 

393 

16*71 

-0*1145 

60*7 

413 

13*46 

-0*111 

59*4 

433 

11*29 

- 0*108 

68*0 

453 

9*16 

-0*104 

66*1 

473 

7*17 

- 0*099 

64*0 

493 

5*25 

- 0*094 

51*5 

613 

3*41 

- 0*087 

48*1 


by the nature of the external groups of the molecules. It is 
probable however that this assumption whilst expressing the 
limiting ideal conditions of such a surface film does not represent 
the properties of actual films. 

In the case of water for example we must assume on this 
hypothesis a layer of orientated molecules on the surface of the 
liquid. The surface molecules however are continually eva- 
porating and recondensing on the surface. The rate of evaporation 
and condensation may readily be determined with the aid of the 
Herz-Knudsen effusion equation (see p. 194) 

KP 





28 


SURFACE TENSION OF LIQUIDS 


where fju is the rate of effusion, P the vapour pressure and M the 
molecular weight. At 20° C. the rate of evaporation is some 
molecules per sq. cm. per second or the life of a molecule on the 
surface is only 10-’ seconds. During this small period of time 
the molecule must become orientated and assume a vertical 
posture about which mean position it must oscillate. This order 
of time although small does not necessarily necessitate a re- 
jection of the hypothesis for the moment of inertia of a water 
molecule is extremely small*. 

The other assumption that the total surface energy is deter- 
mined by the nature of the external groups of the molecules is 
capable of more direct proof. We find for example that the total 
surface energy increases in aliphatic compounds as H is replaced 
in the order: OH, NHg, CN, I, SH, COOH, NO^, COOCH3, 
COCl, CONHg. Evidently the assumption is not strictly true, 
for these substituent groups should not affect the surface tension 
of a hydrocarbon, CH3, surface. Langmuir assumes that these 
larger groups force apart the surface molecules and that the 
forcing apart of these groups increases the surface energy. 

Langmuir and Harkins from an examination of the total 
surface energy of benzene and substituted derivatives came to 
the conclusion that this molecule lay as a flat ring on the surface, 
but by the introduction of a polar group the ring was tilted on 
edge causing a rise in the surface energy, according to Harkins 
by permitting the residual valencies of the carbon atoms in the 
ring to come into play. An alternative suggestion is that owing 
to the tilt more molecules can be accommodated on the surface. 
Harkins further attempts to explain the differences of behaviour 
between the ortho- and para-compounds in various cases by 
similar assumptions, which do not seem to be in close accord with 
the experiments. (See also King and Wimpler, J,A,C.S, XLiv. 
1894, 1922.) 

Sugden (J.C.8. cxxv. 1167, 1924) has examined the total 
surface energies of a number of para-substituted benzene com- 
pounds. If these compounds are orientated so that the surface 

* The natural period of a molecule as determined from both the thermal 
conductivity and from the natural infra-red vibration frequency is of the order 
of 10”“ seconds. 
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molecules are perpendicular to the surface, the area occupied by 
each molecule is simply that of the cross section of the benzene 
ring. This avoids the complication that different molecules might 
occupy different areas. If we take a series of para-compounds 
X<f>Y ^ , X(f>Y2, . . . X<f> Fg , the groups Fj — Fg having progressive 
residual affinities, the residual affinity of the group X lying 
between F3 and F4, the molecules should orientate themselves 
in the following manner: 


1^1 



X 

X 

X 

Vapour 

X 

X 




y» 

Liquid 


and the surface energies of the first three compounds should 
progressively increase whilst those of compounds 4 , 5 , 6 should 
be identical. 

Further, if we take a series Fac^Fj, Fg^^Fg, Y^^Y^, none of 
these compounds should have a surface energy greater than that 
of F2<^ F3 or X<f> Fg , since Fg is the greatest residual affinity which 
is lifted into the surface. The following values are taken from 
Sugden’s paper: 


Y 

CH 3 

H 

Cl 

Br 

I 

NOg 

NH 2 

X = H. 

65-53 

70-26 

71-01 

74-48 

77-07 

81-70 

82-40 

= C1 

66-65 

71-01 

71-45 

71-83 

74-71 

78-68 

81-37 

= CHs 

— 

65-53 

66-65 

66-46 

69-28 

74-06 

68-19 


On the strict theory of orientation, the data in the first hori- 
zontal series must be interpreted on the assumption that the 
substituent groups are all in the vapour phase, the hydrogen being 
in the liquid, a conclusion quite opposite to that usually ob- 
tained. In the second and third series according to the above 
reasoning the surface energy of chlorbenzene and toluene should 
have been the respective maxima. 

We must conclude that the surface tension of a pure liquid is 
determined by properties of the molecule as a whole together 
with its foundation rather than by the external groups only. 

In the case of solutions also, Goard has noted that in phenol 
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solutions possessing identical surface concentrations of phenol 
the surface tension varies with the nature of the underlying 
bulk phase, being higher for solutions containing salt (see p. 66). 

8. The Burfhce energy and latent heat of evaporation. 

Many attempts have been made to correlate the latent heat of 
evaporation of a liquid and its surface tension (see Edser, Fourth 
Report on Colloid Chemistry). The process of evaporation may be 
considered to take place in two stages. In the first it is brought 
from the interior to the surface overcoming the surface tension, 
in the second it vaporises from the surface film. According to 
Laplace’s theory of a diffuse gradient of properties between bulk 
liquid and vapour, we should anticipate that the molar surface 
energy should be half the molar internal latent heat, a generalisa- 
tion known as Stefan’s law (Wied. Ann. xxix. 655, 1896). On 
the conception however of a discrete surface of separation it is 
evident that this should not be the case, for a molecule pro- 
ceeding from the interior to the surface requires the supply of 
sufficient energy to remove the non-polar end of the molecule 
from the liquid to the vapour phase, it being still attached by 
the polar end to the bulk liquid phase. The second process of 
superficial vaporisation entails the separation of the active group 
from the liquid. 


Liquid 

Corresponding 
temperature 
0*7 of Tc. 
c total surface 
energy per 
molecule 

X 10^* ergs 

A internal 
latent heat 
of vaporisa- 
tion per 
molecule 

X 10'* ergs 

j = A - e 
energy 

changed from 
potential to 
kinetic when 
molecule 
jumps from 
surface to 
vapour, per 
molecule 

X 10'* ergs 

c 

A 

Nitrogen 

3-84 

8-7 

4-8 

0-514 

Carbon tetrachloride 

18-2 

40-2 

220 

0-462 

Benzene 

18-4 

41-7 

23-3 

0-441 

Chlorbenzene 

20-3 

48-8 

28-5 

0-417 

Ethyl alcohol 

11*2 

59-3 

48-1 

0-186 

Methyl alcohol 

8-5 

61-6 

431 

0-164 
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Clearly equality between the two stages in the process of 
evaporation from the interior of the liquid should only obtain for 
perfectly symmetrical molecules; with increasing asymmetry, 
the second step or the detachment of the polar end of the mole- 
cule should become more important and the energy associated 
with this rupture will be a larger fraction of the total energy of 
vaporisation. An examination of the surface energy and latent 
heats of evaporation for a series of compounds at corresponding 
temperatures has been made by Harkins and Roberts {J.A,C.8. 
XLiv. 653, 1922), some of whose results are given in the table 
above. 

It will be noted that the symmetrical compound carbon tetra- 
chloride differs markedly in the ratio ^ from the unsymmetrical 
methyl alcohol. 

The principle of independent surface action. 

Whilst it is clear that the total surface energy of a liquid 
consisting of complex organic molecules is not determined com- 
pletely from the concept of a layer of orientated molecules 
exposing their least active groups to the air liquid interface, yet 
the evidence presented from surface tension data confirm the 
view that the characteristics of such molecules as a whole are 
largely determined by “group” properties. We may note for 
example, in addition to the case of the latent heat of evaporation 
just cited, the influence of polar groups on solubilities of sub- 
stances in polar solvents or the effects of substitution of polar 
groups on the electric moments of molecules. Sir W. B. Hardy 
{Proc. Roy. 8oc. 1913) based the conception of molecular orienta- 
tion at a surface on the existence of unsymmetrical fields of force 
surrounding the molecules, whilst Langmuir {J.A.C.S. xxxvm. 
2222, 1916; Colloid Symposium Monograph, m. 48, 1925) ex- 
tended this concept very materially by identifying these un- 
symmetrical fields with the presence of specific groups in the 
molecule. This identification has led to the enumeration of the 
principle of independent surface action, that the field of force 
about a particular group or radical in a large organic molecule 
is characteristic of that group and as a first approximation is 
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independent of the nature of the rest of the molecule. The 
principle cannot be regarded as at all strict. Thus on the insertion 
of two polar groups into the same molecule, although in some 
cases the resultant electric moment may be calculated from the 
vectorial sum of the individual moments, this is by no means 
general. Again, in the aliphatic dibasic acids the mutual inter- 
action of the two groups as shown from the dissociation con- 
stants is quite marked even when the groups are separated by as 
many as five carbon atoms of a straight or coiled chain. 

Whilst the mutual interaction of molecules to form associated 
liquids is characterised by a large change in the molecular 
electric moment, the electric moment being determined chiefly 
by the presence of polar groups to which the association is due, 
yet the parallelism between the association factor and the 
change in molecular electric moment on concentration is only 
superficial. Finally, although the electric moments ascribed to 
polar groups is high, there is no quantitative relationship 
between the values of these and those of the total group surface 
energies. 

Langmuir {loc, cit.) has applied the principle of independent 
surface action to a consideration both of the orientation of 
molecules at surfaces as well as the vapour pressures of sub- 
stances and binary mixtures with the aid of the generalised 
Boltzmann equation 

^2 P» P2 ’ 

where and are the numbers of molecules per unit volume in 
two regions in equilibrium with one another but differentiated 
from one another by requiring the expenditure of potential 
energy <f> in moving a molecule from one region to the other. If 
we consider not two regions but two states of the matter, 
and Pg actual probabilities per unit volume of the 

existence of the molecules in the two states. The a priori 
probabilities px V2. vary but little with the temperature 
and are dependent upon geometrical factors and quantum 
restrictions. 

We may apply the principle to the case of the surface dis- 
tribution of methyl alcohol molecules in the free surface of the 
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liquid. The two possible states with the maximum difference of 
energy between them can be depicted as follows: 


CH3 

H 

OH 

j 

OH 

CH, 

(1) 

(2) 


if A be the area of the molecule and ^oh» be the 

total surface and interfacial energies of the constituent groups — 
CHg and OH. The total surface energy in position (1) is 
+ ^x) (2) is similarly U^). Thus 

the difference in energy which is available for causing orienta- 
tion is <^ = ^A (C^cHa “ ^oh)* 

Inserting the values A = 65 A., C/ch. = ~ 

we obtain <^ = 5*1 . IQ-^^ ergs. 

For a value of T = 293° K. we find kT ~ 4-0 . 10“^^ ergs; thus 
the exponent is 13, giving a probability ratio in favour of the 
first orientation of several hundred thousand. The limitations of 
this method are discussed in detail by Smyth and Engel (J,A,C,S. 
LI. 2646, 2660, 1929). 

9. The influence of temperature on the surface tension of 
liquids. 

The surface tension of all liquids decreases as the temperature 
rises. Over small ranges of temperature the relationship is with 
few exceptions linear 

da _ „ 

dT ^ 

or at = ao (1 — aT), 

where K = 

At the critical temperature the distinction between the two 
phases and consequently the surface tension disappear. The 
absolute magnitude of the surface tension therefore depends to a 
great extent upon the distance from the temperature of observa- 
tion to the critical point ; thus we find that while the permanent 
gases have tensions never exceeding a few dynes per cm., in the 
case of liquefied metals the surface tensions may exceed a 
thousand. 
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Ramsay and Shields and Walden concluded from their experi- 
ments that a linear relation held almost up to the critical point 
andwrite = c (T, - T - 8), 


where and T are the critical and observation temperatures, 
c and S constants. Van der Waals in his theory of capillarity 
developed the equation 


Hence 
du 


1 da 
ot^dT 




and vanishes with a at the critical point. Experiment how- 
ever agrees better with a modified formula 


where n varies somewhat for different liquids but is in the neigh- 
bourhood of .1*21 as determined by Ferguson {Trans. Farad. Soc. 
XIX. 408, 1923). 


10. The Eotvos’ Law. 

The variation of surface tension with the temperature has been 
studied by many observers with the view of testing the theory of 
Eotvos that the molar free surface energy of any liquid should be 
proportional to the distance from its critical temperature and to 
a universal constant, a ‘‘law ” analogous to the gas law PF = RT, 
the product PV being the free molar volume energy of the gas. 
Correspondingly in the case of the liquid-vapour surface, the 
molar free energy is proportional to the product of a and the 

surface occupied by a gram molecule or to o- f — ) , where M is 

the molecular weight and p the density of the liquid. (On the 
assumption th|K} the molecules are symmetrical in shape.) 
Instead of T we write Tc~ T and obtain 

=K(T,-T), 

where is a universal constant of approximate value 2*2? 
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Ramsay and Shields tested this relation for a large number of 

- j = K {Tc — T — h), since the 

molar surface energy appeared to vanish at a temperature some- 
what below the critical point. 

To avoid the necessity for determining the critical temperature 
we may differentiate and write 


K=~ 


d ( 


f ’ 

or assuming that M is independent of the temperature (i.e. for 
non-associated liquids) , 

Katayama {Tokio Unii\ Sci. Hep. iv. 5. 373, 1916) examined 
an equation of the type 

^K(2\-T), 

(pi - pvr 

and showed that this represented the results of experiment over 
the full range of temperature from freezing to critical point 
which Ramsay’s equation even when modified fails to do. 

An examination of the data however indicates that the 
constant K of Eotvos’ equation is by no means a universal con- 
stant of mean value 2*2, as is revealed by the following table: 


Less than 2-2 

j Greater than 2*2 

Liq uid 

K 

Liquid 

K 

Ethyl alcohol 

]()8 

Methylbonzoate 

2-32 

Acetonitrile 

1-44 

Paraldehyde 

2-37 

Propyl alcohol ... 

1-40 

Phenetole 

2-56 

Amyl alcohol 

1-35 

Phenylisosulphocyanate 

2-32 

ri- Butyric acid ... 

1-57 

Diothylaniline ... 

2-337 

Iso-butyric acid 

1-66 

Diphenylamine 

2-57 

Acetic acid 

0-95 

Dimethyl-o-toluidine . . . 

2-49 

Glycol 

103 

Benzophenono ... 

2-63 

Caproic acid 

1-62 

Anisole ... 

2-358 

Phenol 

1-70 

Quinoline ... ^ ... 

2-43 

j»-Tolunitrile 

1-72 

Ethyl esters of 
Propionylmalic acid ... 

2-87 



Butyiylmalic „ 

3-18 



ValerylmaJic „ 

3-40 



Caproylmalic „ 

3-04 

• 


Pelargonylmalic „ 
Capronylmalio ,, 

3-68 

3-50 


3-2 
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For a considerable group the temperature coefficient of the 

molecular surface energy ^ jo- | is found to be in the 

neighbourhood of 2*2: this group included the saturated hydro- 
carbons, liquids which of all others would be expected to exist as 
simple unassociated molecules. (For argon, nitrogen, and carbon 
monoxide, Baly and Dorman found values of K very close to 
2 - 0 .) 

In a second group, which includes water, the lower fatty 
acids and alcohols, amines, nitriles and phenols, values of K 
considerably below 2*2 are found. Since other grounds, such 
as abnormal coefficients of expansion and specific inductive 
capacity, indicate that these substances are probably associated 
to some extent, Ramsay and Shields attempted to bring the 
coefficients of molecular surface energy into line with those of 
the first group by replacing M, the formula weight, by aM, 
where a is the degree of association and aM therefore the mean 
molecular weight. In this procedure it is assumed that the 
average composition of the surface layer is the same as that of 
the liquid in bulk, for otherwise the value of a obtained can 
apply only to the surface layer. In order to decide this question, 
Ramsay and Aston examined the surface tensions at different 
temperatures of mixtures of organic liquids of different molecular 
weights, and compared the values of K for the mixture in each 
case with that calculated from the K of the components and 
their molecular proportions in the mixture. The calculated and 
observed values of K agreed within the limits of experimental 
error and it was concluded that the assumption made was 
justified. Unfortunately, however, the examples chosen are not 
sufficient to prove the case, for in no example do the surface 
tensions of the liquids differ by more than six dynes per centi- 
metre, so that little deviation from a simple mixture rule could 
be expected. If instead of two organic liquids with not very 
different surface tensions the experiment had been carried out 
with water and an alcohol, a different conclusion would have 
been reached. Undoubtedly the mean molecular weights in the 
surface and the liquid differ greatly in such a case. Now where 
we are dealing with a simple liquid and its polymeric modifica- 
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tion we should expect to find that the order of difference between 
their surface tensions in an imaginary pure state would be large ; 
in order to illustrate this point the example of Walker (Phil. 
Mag. XLVii. Ill, 1924) will be followed by constructing a table 
of surface tensions of pairs of compounds, one in each pair having 
approximately twice as large a nucleus as the other. 


Temp. 

"C. 

Liquid 1 

^1 

Liquid 2 

^2 

129*2 
108-.3 
- 39*1 
20 

20 

24*9 

0 

Benzene ... 

Toluene ... 

Propane ... 
i-Pentane ... 
Methylene chloride 
Ethyl formate 

Amyl acetate 

14*71 

19*6 

14*95 

13*72 

26*52 

22*9 

26*6 

Diphenyl 

Dibenzyl 

Hexane (extrapolated) 
Di-isoamyl 

Acetylene tetrachloride 
Ethyl oxalate ... 

Amyl succinate 

28*64 

27*86 

22*76 

22*24 

34*1 

31*4 

30*9 


In an extreme case the surface tension of diphenyl is almost 
double that of benzene at the same temperature, and it would be 
expected that in a mixture of these substances the benzene would 
be preferentially adsorbed at the surface, and any attempt to 
find the mean molecular weight of the two would break down. 
Certain mixtures of aniline and water were found by Worley 
(J.C.S. cv. 260, 1914) to have positive temperature coefficients 
of surface tension as exemplified in the following data for a 3*3% 
aniline solution ; this would lead to a mean molecular weight less 
than zero. Such criticisms suggest that although a deviation 
below the normal value of K does indeed indicate that there is 
association, the degree to which it occurs cannot be obtained as 
simply as was assumed. 

Temp. ... 16° C. 65° C. 95° C. 

a ... 48*21 49*22 50*73 dynes per cm. 

Another amendment to the simple rule of Eotvos is made 
necessary owing to the existence of a third class of bodies with 
exceptionally high values of K. Such for example are the higher 
fatty acids and their glycerides, investigated by Walden. We 
cannot assume dissociation in the pure liquid state, for even 
when dissolved in dissociating media there is no physical evidence 
of it. The simplest explanation in harmony with the theory of 
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Eotvos is furnished by the observation that bodies of this third 
class possess in all cases long chains of atoms so that the molecule 
must present a highly unsymmetrical appearance. The molecular 
surface will, if the molecules lie flat in the superficial layer, con- 

fM\^ 

siderably exceed the calculated amount y" j » if they are 

orientated normally to the surface, fall much below this value. 
In the first case the calculated K would be lower and in the 
second higher than the normal value. This explanation is in 
harmony with other observed facts concerning long chain com- 
pounds, such as their tendency to form “liquid crystals,” their 
orientation towards a water-air surface and the formation of 
micelles. When interpreting the observed values of K attention 
must be paid to the shape of the molecule and its orientation as 
well as to its state of association*. 

Allusion has already been made to the Eotvos constants of 
liquids at low temperatures which are rather less in the cases 
quoted than the normal value for ordinary temperatures although 
there is very little probability of association, more especially in 
the case of argon. At still lower temperatures K. Onnes has found 
K for hydrogen to be 1*4, so that this coefficient diminishes as 
the absolute zero is approached. For helium an abnormally low 
value for K is found. 

Low values pointing to association are likewise found for 
the liquid metals (Harkins and Ewing, J.A.C.S. xlii. 2539; 
Bircumshaw, Phil. Mag. iii. 1292, 1927). Thus we obtain for 
mercury 0*96, lead 0-22, bismuth 0*27, antimony 0*02. 

* Conversely, from a knowledge of the value of K for an unassociated sub- 
stance, conclusions may fairly be drawn as to the shape and orientation of its 
molecule, subject of course to limitations imposed by thermal agitation in the 
surface. For example, the value of K for the glycerides of oleic and palmitic 
acids reaches 6, or three times the normal value. If orientation is completely 
normal to the surface, this would correspond with a length some live times the 
diameter — much about what we should expect of these bodies if the three 
hydrocarbon chains lay parallel. The free acids have a much smaller A, and 
since the ratio of length to diameter in their case must be even greater than for 
the glycerides we must conclude that there is far less orientation, and that the 
shape of the molecule allows more molecules to come into a given space of 
surface in a random disposition than would be the case for a molecule of the 
same volume but of regular shape. 
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It would be of much interest to have data for liquids whose 
molecules may with certainty be assumed spherical in form and 
not at all associated, for example of methane, tetramethyl- 
methane or tricyclobutane. We should expect these liquids to 
have equal values of K unaffected by temperature, and the 
common value would provide a starting point, the deviation 
from which gives a measure of the association or ellipticity of 
the molecules of other substances. 


The Parachor. 


Sugden {J.C.S. oxxv. 1177, 1924; cxxvii. 1525, 1868, 1925) 
has compared the molecular volumes of substances under con- 
ditions such that they possess identical surface tensions and has 
shown that they are determined by the molecular constitutions 
of the substances. In obtaining the ‘‘parachor” P, Sugden 
makes use of the approximate relationship between free surface 
energy and density noted by Macleod {Trans. Farad. Soc. xix. 

38, 1923) , 

’ a = c(pi- p^)*, 

where c is a characteristic constant independent of the tem- 
perature. The parachor P is . M or 

P= M. 

KPi - Pv) 

P is found to be a function of the chemical constitution, and 
definite values can be ascribed both to the elements, their ions 
and to the various types of linkage obtained in organic com- 
pounds. The values given by Mumford and Phillips {J.C.S. 
ccLXXiv. 2112, 1929) include the following: 


Group 

P 

Group 

P 

CHa 

40 

P 


40-6 

C 

9-2 

As 


54 

H 

15-4 

Sb 


68 

O 

20 

Triple bond 

-h 38 

S 

60 

Double bond ... 

+ 19 

Se 

63 

Singlet linkage 

- 9*6 

F 

25-6 

3-membered ring 

H- 12-5 

a 

55 

4 


-f 6 

Br 

69 

5 

99 

+ 3 

I 

90 

6 


-f-0-8 

N 

17-6 

7 

” 

- 4 
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Ring formation is thus attended with a change in molecular 
volume due to the strain imposed on the molecular linkages. We 
notice that in accordance with the Bayer strain theory that a 
six-membered carbon ring suffers the least distortion. The in- 
troduction of a group such as into a ring also affects the 

molecular volume, and gives rise to a positive strain equivalent 
of about 3*0 units. 

The in aliphatic ketones and aldehydes is unaccom- 

panied by strain, but in carbonates, esters and acid chlorides it 
introduces a strain equivalent to + 3*0 units and about -1- 6*0 
units in carbonyl chloride. 

The parachors for a few substances calculated with the aid of 
the above data are compared with the experimental values in 
the following table : 


Compound 

P obs. 

P calc. 

C,H, 

110-5 

110-8 

350-3 

350-8 

^C0oHj22 

2480-0 

2430-8 

Benzene 

205-0 

206-4 

Cyclohexane ... 

239-3 

240-8 

Cyclopentanone 

214-2 

214-2 

Acetone 

161-5 

159-0 


Chain branching is likewise accompanied by a slight but 
definite diminution in the parachor, the decrement although 
varying slightly with the chain length and position is of the 
order of — 3-0 units. 

The apparent atomic parachor like the electric moment 
between two atoms naturally varies, not only with the valency 
of the linkage but also with the atomic size and field strength 
between the atoms; this is readily observed in the atomic 
parachors for hydrogen in combination with various elements : 


Element 

P for hydrogen 

Carbon 

16-4 

Nitrogen 

12-6 

Oxygen 

10-0 

Sulphur 

15-4 

Chlorine 

12-8 

Bromine 

16-4 
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We should also anticipate that a union of the type b — C — H 

would be affected by the nature of the groups ahc. The intro- 
duction of electro-negative groups into ahc alters the electric 
moment of the C — H linkage; the parachor values of — CHoa 
and — 0^3 groups, where a is an electro -negative element or 
group, are likewise some 3 and 6 imits less than that of the group 
Ca 4 and no less than 9 units below the value calculated by 
summaition. 

11. The vapour pressure above curved liquid surfaces. 

The equilibrium vapour pressure over a concave liquid 
surface must be somewhat less and over a convex surface some- 
what greater than that over a plane surface; the quantitative 
relationship between the curvature of the surface and the 
alteration in vapour pressure effected by such curvature was 
first deduced by Lord Kelvin {Fliil, Mag, (4), xlii. 448, 1881) 
and may be obtained in the follo\^ing manner. If wo imagine a 
small mass of liquid hm to be transferred from a drop of radius 
to one of radius , the work done by the surface forces will be 
(tSA, where is the decrease in area. If Sv, Br and BA be the 
changes in the volume, radius and surface of one of the drops 

due to the 
8 ^ = SrrrBr = 

2<t, 


Bm 




change of mass Bm, then S?; = — = 4:7rr^Br and 

= - . Hence the work done on the transfer is 

pr 

This mass of liquid may now be returned to the 


original drop by isothermal distillation and the energy expended 
RT P 

is Bm log p , where M is the molecular weight of the vapour 
and Pg and P^ the vapour pressures above each drop. We thus 
, Pa 2<jM (\ 1> 

We may note also that the total heat of vaporisation of a 
liquid from a curved surface must differ from that when vaporisa- 
tion takes place from a plane surface to the extent of 




2M 


2M f 


, da\ 
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An interesting application has been made of the Kelvin 
equation for the determination of the composition of lead 
amalgam by Ehrenhaft {Ann. d. Phys. Lxm. 773, 1920). For 
small drops of mercury amalgam to be in equilibrium with a 
plane surface of liquid mercury, the drops must contain in- 
creasingly large quantities of lead to reduce the vapour pressure 
as the radius decreases. The following data illustrate the results 
obtained : 


Drop radius 
(cms.) 


% lead by weight 

10~3 

0049 

0-052 

10-* 

0-49 

0-52 

10-6 

1 

4-9 

5-2 


We shall have occasion to note that the application of the 
Kelvin equation for the influence of curvature on surface tension 
has been extended, notably by Ostwald and Hulett, to the 
solubility of finely divided crystals (see p. 253). 

The applicability of the Kelvin equation to very small drops 
of liquids or to the effect on the vapour pressure of liquids con- 
fined in exceedingly narrow tubes is a matter of great importance 
in connection with the condensation of vapours on solid surfaces 
which are normally rough and contain cracks or fissures, only a 
few molecular diameters in width, the presence of which have 
been demonstrated by Smekal {Phys. Zeit. xxvi. 707, 1926). 
Kelvin himself believed that when the radius of curvature 
attained some 10/x the equation was no longer applicable, whilst 
Freundlich {Kajdllarchemie) considered that droplets with a 
radius of the order of the range of molecular action would not 
obey the law. Patrick and Ebermann {Jour. Phys. Ann. xxix. 
227, 1925) have concluded that a vapour converted into a gas 
by raising the temperature beyond the critical will actually 
condense in fine capillaries, although more recent direct ex- 
periments indicate no change in the critical temperature of a 
liquid when confined in narrow capillaries. That the vapour 
pressure above a liquid in an exceedingly narrow capillary tube 
may be far less than that calculated with the aid of the Kelvin 
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equation is revealed by the experiments of Shereshefsky 
(J.A.C.S. L. 2966, 1928), who has conducted experiments on the 
filling of capillaries of radius from 2 to 5/x with water and with 
toluene from their vapours over different solutions. It was found 
that the condensation occurred with vapour pressures some 
0*082 mm. under saturation, whilst the limit imposed by the 
Kelvin equation varied only, with the size of tube, from 0*009 to 
0*049 mm. under saturation. 

Bigelc^ and Trumble {J.P.C. xxxi. 1799, 1927) have shown 
that small drops of mercury on a glass plate distil readily to 
larger ones, but no effects due to curvature could be obtained 
with crystals of iodine, naphthalene or camphor. Distillation 
likewise did not take place from small drops of sulphur or 
phosphorus, but these substances wet glass and the drops 
formed on the surface are thus in equilibrium with a film and 
acquire as we shall note shapes characteristic of the spreading 
pressures. Distillation from small drops of supercooled sulphur 
to larger crystals readily took place. 

Conclusive evidence for an extended range of molecular action 
is provided in the investigations of Sir W. Hardy (Hardy and 
Nottage, Proc. Roy. Soc. A, cxviii. 209, 1928) on adhesion 
between two plates lubricated with different types of lubricant. 
It was found that the mutual influence of the plates separated 
either by lubricant or by air persisted over a relatively wide 
,range of separation. For optically smooth surfaces the limiting 
distance was found to extend up to some 4 to 5p,. 

Capillary Flow. 

The dynamics of capillary flow, of importance in the rate of 
attainment of membrane equilibria, have not been subjected to 
any very exhaustive examination. Some attention has been 
paid to the rate of flow of a liquid along a horizontal capillary 
from a large reservoir under the influence of the surface tension 
forces alone. Bell and Cameron (J .P.C. x. 659, 1906) deduced 
the relationship between the length of travel and the time 

— == constant, 
c 

Washburn (Phys. Rev. xvu. 276, 1921) examined the problem 
in more detail and deduced for the conditions of horizontal flow 
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on the assumption of the validity of Poiseuille’s law the 
equation 


a cos Q 


rt. 


where a is the surface tension, 77 the viscosity of the liquid and 
r the capillary radius. Rideal (Phil. Mag. XLiv. 1154, 1922) 
obtained for the flow of a wetting liquid the expression 



or 


pr^ 

St) 


log x + 


p2r^ 

5l2r)^x^ ’ 


where p is the density of the liquid. For small values of r this 
reduces to Washburn’s form. 

The function thus defines the penetrating power of a 

liquid and may be termed the penetration coefficient. 

For a glass capillary tube of r = 0*354 mm., which had been 
previously washed out with the liquid under investigation so as 
to ensure a zero angle of contact, Rideal found the following 


values for 




or 

2V 


Liquid 

/ or 

V 2^ 
calc. 

/or 

V 2 ^ 

obs. 

Isobutyl alcohol 

3*75 

3*70 

Isopropyl alcohol 

4* 10 

4*20 

Ethyl alcohol . . . 

5*52 

6*66 

Methyl alcohol . . . 

816 

7*90 

Chloroform 

8-73 

8*60 

Benzene 

8*90 

9*90 

Ether ... 

11*38 

10*95 

Water ... 

11*31 

11*40 


Washburn obtained a wetting angle of 112 ° for mercury 
against glass by determination of the penetration coefficient and 
utilising the accepted data for 77 and ct, and further showed that 
the data of Cude and Hulett (J.A.C.S. xlii. 391, 1920) on the 
initial rate of penetration of charcoal by water conformed to 
this equation. 

The pore size of membranes could evidently be determined by 
this method if a liquid with a zero wetting angle were employed. 
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The usual methods for the determination of membrane pore size 
are based upon the capillary rise and on the law of Poiseuille. 
In the latter method a knowledge of the total pore volume as 
well as the true length of the capillary in the membrane is 
required. Bartell (J.P.C. xv. 659, 1911; xvi. 318, 1912; xxxii. 
1553, 1928), Guerout {G,R. lxxv. 1809, 1872), Hitchcock 
(e7. Gen. Physiol, ix. 1755, 1926), Duclaux and Errera (Roll. Zeit. 
xxxvni. 59, 1926) have utilised this latter method. 

For packed powder membranes the effective length of the 

capillary may be taken as approximately ^ times the mem- 
brane thickness. 

In the light of the experimental work on the vapour pressures 
above fine capillaries already described, it is interesting and 
somewhat surprising to note that Bartell and his co-workers 
have obtained almost identical pore sizes by the two methods, 
both for crushed carbon and quartz. 

Bartell and Osterhof {poll. Symp. v. 113, 1928) have measured 
the pressures required to produce a flow of a number of different 
liquids through powdered materials as well as the displacement 
of one liquid by another. The following data may be given as 
representative of their results with crushed carbon. 

The pressure required to displace air by benzene which pos- 
sesses a zero wetting angle was found to be 6,200 grms./cm.^, 
thus giving a pore radius of 9-3. 10“® cm. assuming the normal 
value of C7i = 28-25 dynes per cm. for benzene. 

To displace air by water from the carbon required 12,000 
grms./cm.2; hence the wetting angle of carbon-water-air with 
ag = 72-08 dynes per cm. is 40° 35'. 

Benzene was found to displace water from carbon with a 
pressure of 5,778 grms./cm.®, giving with a value of cjga = 34-65 
dynes per cm. an interfacial angle of 40° 30'. 
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THE SURFACE TENSION OF SOLUTIONS 

1. The Gibbs Equation. 

In the case of pure liquids the surface phase is naturally of the 
same composition as the bulk phase ; for solutions, on the other 
hand, the composition of the surface phase need not necessarily 
be identical with that of the underlying solution. In general the 
addition of a solute to a solvent will affect the surface tension of 
the latter, and since the energy of the system strives towards a 
minimum there will be a tendency if the solute lowers the surface 
tension of the solvent for the former to accumulate at the surface. 
If the solute elevates the surface tension of the solvent, the 
reverse action occurs and the surface phase will be poorer in 
solute than the bulk phase. This enrichment or impoverishment 
of the surface phase does not continue indefinitely, for a point is 
reached when the action is balanced by the return from the 
enriched to the impoverished phase due to diffusion, the rate of 
which is proportional to the difference in osmotic pressures of 
the solute in the two phases. 

The exact mathematical treatment for the calculation of the 
excess or deficiency of solute in the superficial phase was first 
made by Gibbs and independently a year later by J. J. Thomson, 
and Gibbs’ equation may be regarded as the fundamental basis 
for the thermodynamical treatment of interfacial phases. 

Gibbs’ equation, which is perfectly general, may be deduced 
readily from the potential functions of Gibbs (Therinodynamics, 
p. 221) and Duhem {Le Potential Thermodynamique, Paris 1886), 
or in the following manner. 

is a vessel which encloses a system in equilibrium. TF is a 
closed surface within the vessel which contains a volume F. 

For any infinitesimal change in a reversible system, the change 
in energy may be written 

dU = Td8 — pdV -f pidmi -f /xgdma + (1), 
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where S is the entropy, pi, pg chemical potentials of the 
components. This equation is true whether 
the matter within the surface W is homo- 
geneous or not, so long as W does not 
intersect a phase boundary. When this 
condition is not fulfilled, a term of the form 
crdA must be added to the light-hand side 
of equation ( 1 ) for each interface intersected 
and also the second term will have to be 
resolved into parts if any of these interfaces 
are appreciably curved. 

Let us consider the case in which there are two phases 
separated by an interface of which only an area A is within the 
surface W and in which the interface is fiat. We obtain 

dU = TdS — pdV + adA -f y^^din^ + + (2). 

The non-homogeneous layer separating the phases is at least one 
molecule thick and may be thicker. Owing to lack of knowledge 
in this respect, it is convenient to imagine a geometrical surface 
drawn somewhere in this non-homogeneous region and parallel 
to it. This surface will divide the volume V into two parts F' 
and F" which we may assign to each of the phases. 

By assuming that the entropies S\ 8" in ergs per c.c. per ° C. 
and the densities of each component , Pi", Pz'", etc. in mols. 

per c.c. which obtain in the bulk of the two phases remain 
constant right up to the dividing surface, we can assign a portion 
oi dU to each of the phases 

dU' ^Td(V' S') - pdV' H- pad(V'p^') + 1 ^ 2 ^ {V' P 2 ) + etc., 
dU" - Td ( F" 8") - pd V" + pLid( V" p/') + pu^d ( F" pa") + etc., 
p having the same value in both phases if the interface dividing 
them is flat. To the sum of dU' and dU" must however be added 
a third term dUi relating to the interface. Thus 
dU = dU' + dU" ^ dUi, 

In a similar way an increment of entropy and quantities of com- 
ponents must be present in the interface 

d8^d(V' S') + d(V" 8")^ d (A8i), 
dm^ = d(V'p^') + d(V"p^') + d (^r^); 
where Fj is the surface concentration of one component. 
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Whence it follows that 

dUi = Td (ASi) + adA + ix^d (AT^) + fi^d (AF^) + ( 3 ) . 

Let us now consider the energy required to increase the surface 
from an area Aq to an area A. 

The mechanical work required is ct (-4 — Aq). 

The heat required is T (^ — ^o) • 

The chemical energy required is 

H'l ~ ^o) r*! + ” ^o) r’ 2 • 

This last term is necessary since the amounts of the various 
components required to make up the surface concentration of 
the newly formed surface cannot be taken from the bulk phases 
inside the surface W without altering the /x values of the com- 
ponents. They must therefore be introduced from outside the 
system and the intrinsic energy associated with them must be 
added to the system. We thus obtain 

— U = a {A — Aq) T (A — A^ Si + (^1 — Aq) Fj 

+ fj'2 (■^ — “^o) 1^2 • 

On differentiation we obtain 

dUi = adA + Ada-\- Td + ASidT -j- yi^dAT^ + AT^diL^ 

-f- iL^dAF^-^- AF2dfj,2~\~ (^) ■ 

Subtracting from ( 3 ) and dividing through by A, we obtain 
da = — S^dT — Fid/xj — F2dyi2 — ••• • 


For a binary system at constant temperature this reduces to 
da - — ~~ r'jd^LXj — 1^2 

If our geometrical surface, which we have placed arbitrarily in 
the non-homogeneous region, be drawn in such a position that 


Fj is zero, we obtain 


da — — F 2 dfj>2 • 


For ideal solutions the relationship between the chemical po- 
tential and the concentration is given by the expression 


/X = /Xo + BTlogeC, 

j 

whence — da=^ BT .F ,d log^ c or F = — 0777^^ — • 

BTd loge c 

For all non-ideal and concentrated solutions the concentration 
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may be replaced by the thermodynamic concentration or 
‘'activity’’ fc defined by 


whence 


r = - 


/X = /Lto + loge/c, 
da 

i2Tdroga/c ■ 

The Gibbs equation may be expressed in other forms such as 

r = ^ 

BTdiog^P' 

where P is the v«apour pressure of the solute, or 

r da 


loge/c=-^y‘ 


It is evident that the unit of concentration is immaterial, but 
that if B be given the value 1*98J = 4*316 x 10’ ergs /degree, 
r will be expressed in grm. mols per sq. cm. 

The quantity of solute F transferred from the interior to the 
surface may be called the adsorption per unit surface. It may 
be positive or negative according to whether the solute lowers or 
raises the surface tension of the solution. Gibbs’ equation shows 
us that whenever we have two components present in a liquid 
whose surface tension would be increased by an increase in the 
concentration of one of them, that constituent must have a lower 
concentration relative to the other in the surface than in the 
homogeneous phase. The field covered by the theorem is very 
wide, for it applies not only to all solutions commonly so called, 
but to associated or dissociated liquids and to substances 
capable of undergoing isomeric or tautomeric or allotropic 
change in the liquid state. Every such binary liquid is bounded 
by a surface film characterised not only by possessing a certain 
energy but also by its composition. 


2. The experimental verification of Gibbs’ theorem. Since 
the osmotic pressure of a solution is generally difficult to measure, 
it is simplest to choose a case such that Raoult’s law holds good 
and the concentration of the solution may be used in place of 
osmotic pressure. The solution should therefore be dilute and 
should be a true solution : the solute, that is, must be dispersed 
as simple molecules and not as molecular aggregates like soap 
micelles. These conditions were obtained by Donnan and Barker 
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(Proc. Poy, Soc. A, lxxxv. 557, 1911), who employed a solution 
of nonylic acid. Their method of determining T was ingenious. 
A slow stream of air-bubbles was blown up through the solution, 
and the number and diameter of the bubbles were determined. 
Adsorption of solute occurred at the surface of each bubble, and 
the quantity so adsorbed was carried with the bubble into an 
upper part of the experimental vessel. Diffusion of solute back 
into the lower portion of the vessel was prevented by suitable 
baffles and the upper part gradually increased in concentration. 
If n was the number and r the radius of the bubbles, v the volume 
of the upper compartment of the vessel in c.c.s and Ac the con- 
centration change in gram-molecules per cubic centimetre, 

r = — ^ grm. mols per cm. 2 . 
n X 47rr2 ® ^ 

The change of concentration in any experiment was ex- 
ceedingly small and was calculated by determining the surface 
tension before and after and comparing the results with a 
previously determined a, c curve. Since a large change of surface 
tension is produced by a very small change in concentration, 
this is here a very delicate method of quantitative analysis. The 
following results were obtained : 


c 

(molarity x 10’) 

r observed 
mols/cm.® X 10^® 

r calculated from 
Gibbs’ equation 

_ 

1-54 

60 

3-5 

316 

9-6 

7*2 

4-80 

6-9 

8-0 

609 

6-8 

— 


A similar experiment with solutions of saponine gave observed 
values of F about three times those calculated from the formula, 
but the concentration of saponine in true solution is probably 
very difficult to measiu'e. 

Similar experiments by Harkins and Gans {Coll. Symp. 
Monograph, v. 40, 1927; vi. 36, 1928) with nonylic acid and 
amyl alcohol yielded results of the same order of agreement. 

M^Lewis {Phil. Mag. 1908, 1909) and Patrick measured the 
adsorption of mercuric nitrate, salicylic acid, picric acid, neo- 
fuchain, aniline and caffeine at paraffin water, mercury water 
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and interfaces. Of these cases only the two latter gave results 
in approximate agreement with Gibbs’ theorem : every other 
substance showed an adsorption considerably too great, up to 
one hundred times the calculated value. We shall see, however 
(Ch. vii), that the extent of adsorption at a metal-liquid inter- 
face is dependent on the potential difference between the two 
phases and that when the change in thermodynamic potential 
due to the change in potential difference is taken into con- 
sideration, Gibbs’ equation has been shown to hold by Schofield 
(see p. 309) for the adsorption of mercurous ions by an ex- 
panding mercury surface. 

M^Bain and his co-workers (J.A.C.S. XLix. 2230, 1927; li. 
3534, 1929) have examined the adsorption of a number of 
substances at an air liquid interface by an ingenious device for 
trapping a number of gas bubbles rising in an inclined tube. 
It is doubtful whether true equilibrium was ever reached in 
such a system, but it was foimd that, with the exception of 
nonylic acid, the amounts adsorbed in all other cases greatly 
exceeded those calculated with the aid of the Gibbs’ equation 


expressed in the form F = — 

dfjb 

It is worth devoting some space to consider the causes of 
these deviations from the theoretical results of so fundamental 
a theorem. 

We have referred already to the experiments of Schofield on 
the validity of the Gibbs equation for metal-solution inter- 
faces when due consideration is paid to the interface potential, 
a factor neglected in earlier work. At air liquid interfaces there 
is another important phenomenon which has to be taken into 
consideration. 

We shall have occasion to note (p. 63, p. 90 et seq.) that 
numerous substances can exist in the form of films at surfaces 
in well-defined states or phases; these films may be gaseous, 
vaporous, liquid, liquid crystalline, solid, bimolecular or col- 
loidal. Of these all except the latter can exist as stable systems 
under specified conditions of temperature and concentrations. 


For each surface phase the Gibbs law F = — 


„ is valid, but 


4-2 
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it is clear that the actual measurements of Ao- and A/i must be 
taken only over those ranges of bulk concentration with which 
one and only one surface phase is in equihbrium. Thus, if the 
surface phase be progressively vaporous and liquid over regions 
of increasing chemical potential of the solute , ^^^2 ~ /“-a j 

respectively, the measurements of Ao- and Afx must be taken 


within these regions to give for the vaporous, Fj = 

for the liquid phases respectively. It is evident that when a 
surface transformation, e.g. vapour to liquid, is taking place, da 
and d/x must both be equal to zero. Consequently, if the obser- 
vations are taken over such a wide range of concentration so 
that a phase change takes place, i.e., measurements of A/x are 
made over the region /xj — /xg and are not confined to the region 
Ml M 2 M 2 — Ms » i'll® value of Ao- observed will be far less than 
that which would have taken place if no surface transformation 
had occurred, and the observed value of F will be in excess of that 
calculated neglecting such transformation. In addition we may 
observe that the conditions of equilibrium over the region of 
phase transformation are only attained extremely slowly, leading 
to an over-estimate of the value of A/x. 

A somewhat different means of verifying Gibbs law has been 
attempted by Frumkin {Zeit, physikal. Chem. cxv. 499, 1925) 
utilising lauric acid. The surface saturation quantity (see Ch. 
m) was found to be 5-2 . 10“^® grm. mols per sq. cm. Solutions 
of lauric acid were then made up in water and the surface tensions 


of these solutions determined: was found to be 13-9, 

whence the surface adsorption is F == — 

grm. mols per sq. cm. The agreement is probably somewhat 
fortuitous, since the departure of solutions of long chain fatty 
acids from the laws of ideal solution commences at exceedingly 
low concentrations. 

Although absolutely conclusive quantitative evidence for 
Gibbs’ theorem is so far lacking, its qualitative truth is apparent 
from so many distinct sources that we may build upon it with 
considerable confidence, and in the remainder of this book it w’ill 
be treated as a valid principle. 
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3. The surface tension of solutions. 

We might anticipate from a consideration of the Gibbs equa- 
tion that the addition of a solute to a solvent will cause marked 
changes in the composition of the surface phase if the solvent 
and solute possess different surface tensions. On the addition of 
a highly capillary active material to water the surface phase 
becomes rich in the solute and the surface tension of the solution 
will fall rapidly. 

Surface Excess of Ethyl Alcohol at a surface between air 



^0-1 .2 -3 -4 -5 -6 .7 -8 *9 VO 

Pure water Mol Fraction of Ethyl Alcohol Pure alcohol 

These conditions are realisable experimentally with solutions 
of the higher fatty acids and alcohols with water. The a, N curve 
falls rapidly at first and subsequently approaches almost 
asymptotically a limiting value. With the aid of the Gibbs 
equation we may readily determine the form of the F, N curve, 
where F is the surface excess. The surface concentration may be 
assumed equal to F if we confine our attention to solutes of 
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relatively high capillary activity. Again it is necessary to have 
information about the thermodynamic concentration or activity 
of the solute in the solution if the true value of F is to be deter- 
mined. 

Surface Excess of Pyridine at an interface between Mixtures 
of Pyridine and Water, and Mercury (no charge on surface). 



0 -1 -3 -4 '5 -6 8 .9 10 

Pur© water Mol Fraction of Pyridine Pure pyridine 


For dilute solutions of non-ionising or feebly ionising solutes 
no serious error is introduced by employing bulk concentrations 
in lieu of activities, but in general serious errors are introduced 
through failure to take this precaution. The activities may be 
measured conveniently by means of any of the coUigative pro- 
perties of the solution, such as the partial vapour pressure, 
osmotic pressure or freezing point of the solution (see Lewis and 
Bandall, TJiermodynamics). 

The data available for determining accurately F, N curves for 
such binary mixtures over a complete range of concentrations 
are limited, but the following examples are typical of the general 
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form of these curves (Schofield and Rideal, Proc. Roy. Soc. A, 
cix. 57, 1925). The two examples depicted in the curves are 
(1) ethyl alcohol water mixtures from the surface tension data 
of Bircumshaw {J.C.S. cxxi. 887, 1922) at 25° C. with the corre- 
sponding values of the partial vapour pressure of ethyl alcohol 
intrapolated from the data of Konovalow and Wrensky. By 



Logio Phenol Activity 


means of the latter the values of djjuz are obtainable with the aid 
of the equation 

diJL2= 2-303RTdlogiofc — 2-30SRTdlogioP2, 

which is nearly exact for the small vapour pressures which these 
mixtures exert at 25° C. The F, N curve (where N is the mol 
fraction) is derived from the slope of the tx, log Pg curve by 
means of the Gibbs equation in the form 

P ^ ^ 

2 2*303PPdlogioP2 ' 
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For comparison is inserted the F, N curve derived on the basis 
of ideal solution by the equation 

P ^ ^ 

“ 2*303^ra logic ' 

It will be noted that there exist marked divergences between the 
two curves. 

(2) The r, N curve for the adsorption of pyridine from an 
aqueous solution at a water-uncharged mercury interface. The 
surface tension measurements employed are those found by 
Gouy (Ann. de Chimie et de Physique, vrii. ix. 130, 1906), whilst 
the pyridine activities are derived from the vapour pressure data 
of Zadwiski extrapolated to 18° C. For comparison is inserted 
the r, N curve, regarding the pyridine water solution as ideal. 

It is important to note that if the mercury surface be charged 
the extent of adsorption will be very materially affected (see 
Ch. vn). Lack of this precaution has vitiated the conclusions 
derived from a number of experiments, see ante. p. 51. 

The <T, N curves for the surface tension of phenol in water, the 
activity of which can be varied by the addition of various con- 
centrations of sodium chloride, present interesting features 
(J.G.8. oxxvn. 1668, 1925). The surface tensions were deter- 
mined by the drop weight method, whilst the activities were 
obtained by a partition method utilising paraffin as parting 
liquid. The parting ratios were calibrated by means of freezing 
point determinations for pure phenol-water solutions by the 
method of Lewis and Randall. It will be noted that whilst the 
slopes of the curves for different salt concentrations are identical, 
indicating that for identical bulk activities of phenol the surface 
concentrations are likewise identical, yet the surface tensions 
are by no means dependent on the surface concentrations of the 
phenol alone even when this layer is tightly packed, but are 
affected by the nature of the underlying liquid. (From the value 
of A. is found to be 23*8 A. for phenol on water, in close 
agreement with that obtained for vertically orientated sub- 
stituted insoluble phenol derivatives by Adam.) 

It will be observed that the F, N curves for such binary 
mixtures follow the same course — a rapid followed by a more 
gentle rise of F as A increases to a well-defined maidmum fol- 
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lowed by a drop and an asymptotic fall in the F value. In the 
case of alcohol water mixtures F^^^^ is obtained at about 0-3iV^. 
To find an adequate explanation for the complete F, N curve is 
by no means an easy matter. It is clear that the first portion of 
the curve may be taken to represent an increasing surface con- 
centration of alcohol and this proceeds to a limiting value — an 
observation first made by Milner (Phil. Mag. xiii. 96, 1907), who 
showed that for relatively strong solutions of acetic acid the 
surface tension of the solutions could bo expressed as a function 
of the concentration of the acetic acid in the following form : 

CTo — CT = a + ^logio^ (1), 

where ctq is the surface tension of water, a that of the solution, 
and a and ^ constants for the particular solute employed. 

From (1) we obtain by differentiation 

da _ _ /5 
d\ogN~ 

and this equation together with that of Gibbs for ideal solutions, 

P ^ _ da 

2-303^Tc^ Iogio i^ ’ 
leads to the expression ^ 

^ ^ ¥W3ET • 


Similar conclusions as to the attainment of a finite maximum 
value of F as pointed out by Langmuir (J.A.C.S. xxxix. 1883, 
1917) can be obtained from an empiric equation put forward by 
v. Szyszkowski (Zeit. physical Chem. LXiv. 385, 1908) in the 
following form : , at n 

where b and Nq are constants. If N be large compared with Nq, 
this equation approximates to that of Milner and we obtain 
likewise ^ 

Tumit = 2 - 303 iJr< 7 „ ’ 


also 


bN 

^ “ RTN + * 


An application of this relation to the data for ethyl alcohol 
would give a^value of F corresponding to the maximum of the 
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dotted curve which is evidently not the true maximum. Yet the 
idea that the excess of solute calculated with the aid of Gibbs 
adsorptive equation is situated in the outermost layer of atoms 
which Milner put forward on the strength of the above relation 
is one which as we shall note in the next section has been re- 
affirmed by Langmuir. Liquids which mix in all proportions and 
whose surface tensions in the pure state do not differ greatly 
frequently give F, N curves which are nearly straight. In some 
cases, such as in mixtures of carbon disulphide and dichlorethane, 
the addition of one liquid to the other produces a lowering of the 
surface tensions; thus on a carbon disulphide rich bulk phase 
dichlorethane is positively adsorbed and vice versa, the <t, N 
curve thus going through a minimum (at ca. equimolecular 
proportions, Whatmough). For the inorganic salts dissolved in 
water and alcohol the surface tension is raised, the surface phase 
is richer in water than the bulk phase and the increase in surface 
tension thus produced is nearly proportional to the salt concen- 
tration. 

In rare cases — such as sulphuric acid and water — a surface 
tension maximum mixture is obtained (44 % HgSOg, Morgan). 

Limitations imposed by the limits of mutual solubility of the 
liquids in the bulk phase in general, however, preclude examina- 
tion of the cr, N curves over a wide range of concentrations. 

We have noted that the Gibbs equation permits us to calculate 
the composition of the surface phase from a knowledge of the 
O’, N cmrve and the “activity” of the solute in the solution; it 
does not however give us any information as to the thickness 
of the phase, beyond an indication that the liquid above the 
geometrical dividing surface is imiform in composition and does 
not acquire the characteristics of a phase in bulk. In the next 
chapter our attention will be devoted to the behaviour of films 
of insoluble substances on the surfaces of liquids, and we shall 
have occasion to observe that we possess almost conclusive 
evidence that the surface phases of such films are but one mole- 
cule thick, and further that the molecules of the insoluble 
material adsorbed on the liquid are orientated in a vertical 
plane, being attached to the liquid surface in the case of a 
complex molecule by some particular group or groups. 
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These conclusions indicate that the Gibbs film, for such 
systems at any rate, is but one molecule thick, and it is evidently 
important to consider how far we are justified in making the 
assumption that in all cases both for pure liquids and for solu- 
tions the Gibbs layer may be considered as similar in character, 
viz. unimolecular in thickness and consisting of orientated or 
partially orientated molecules. 

It has already been observed in the case of pure liquids such 
as substituted hydrocarbons that the surface tension was, if not 
completely defined by the non -polar portions of the molecule, at 
least not so markedly affected by substituent groups as we should 
anticipate if no orientation existed. Again, although vaporisa- 
tion and condensation at a liquid surface such as water at high 
temperatures takes place with great speed, yet the life of a 
molecule on the surface is probably long enough to permit of 
such adjustment as orientation requires. Even more conclusive 
in favour of the hypothesis of at least partial orientation is the 
evidence derived from a consideration of the latent heats of 
evaporation and the divergences noted in the Eotvos constant 
for unsymmetrical undissociated molecules. 

For mixtures of substances of markedly different surface 
tensions also we have noted that over a considerable range of 
concentration the Gibbs film appears to behave as if it were 
unimolecular in character, but for strong solutions of these 
substances as well as for mixtures of liquids of similar surface 
activities the evidence for such a restricted film thickness is by 
no means so conclusive. It must indeed rather be assumed that 
in these cases the application of the principle of minimum 
surface energy to mixtures somewhat similar in internal pressure 
leads to the formation of a diffuse layer in which the composition 
varies possibly in an exponential manner with the depth. The 
top layer alone may be said to be formed by the operation of 
chemical forces. 

Thus in the case of concentrated solutions of ethyl alcohol in 
water the subsequent decrease in F with increasing values of N 
might, on the assumption of an orientated layer of alcohol 
molecules in the Gibbs film, be accounted for by a decrease in 
orientation when the more polar and presumably stronger water 
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in the bulk phase is replaced by the weaker alcohol. Alternatively 
however the fall in F need not necessarily involve a rearrange- 
ment in the outermost layer of molecules. This is shown by the 
following considerations: in applying the Gibbs equation we 
have drawn our arbitrary dividing surface in such a position 
that the solution below it is uniform in composition as a whole. 
If we were to keep the position of the dividing surface fixed and 
at a depth of one molecular layer, the generalised equation 

d(j ^ “■ Fi^d^j r2d^2 

is applicable. 

Since in a binary mixture N ^dlog N^d log f 2 C 2 = 0, 

where N-^ and N 2 are the molar fractions of solvent and solute, 
we obtain from the above 

da _ ^ r* -^1 
RTdlogf^c^" " 

With the aid of this equation only, which is applicable to all 
strong soluti6ns, it is evidently not possible to determine both 
Fi and r., the surface adsorptions of both solute and solvent; 
some other measurable property of the surface dependent upon 
its composition must be employed. Bradley (Phil. Mag. (7), vii. 
142, 1929) has suggested that the alteration in the air liquid 
potential difference (see Ch. vii), which is dependent on the 
electric moments of solvent and solute molecules in the surface 
layers, may be used for this purpose. As we shall have occasion 
to note, the evidence for the assumption that the molecular 
electric moment of a molecule in the Gibbs layer at an air-liquid 
interface is independent of the surface concentration is by no 
means conclusive, and until further information is available it is a 
difficult matter to draw any conclusions as to the nature of the 
Gibbs film from information provided by the second portion of 
the F, N curve. But the fact that the change in surface tension 
from AT = 0-3 to = 1 is only 6*0 dynes per cm. as against 
44 d 3 nies per cm. for the rest, tends to support a theory which 
does not involve any fundamental rearrangement of the surface 
layer in this region. 

For the initial portion of the curve however we may conclude 
with some degree of assurance that the Gibbs film may attain 
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a finite saturation value for the solute and does not become 
progressively thicker on increasing the concentration in the bulk 
phase. 

4. The Unimolecular Gibbs Layer. 

Langmuir from his study of the films of insoluble substances 
upon water (see Ch. iii) concluded that the film was in these 
cases but one molecule thick and that the molecules in the film 
were definitely orientated. 

He suggested that in all cases for both soluble and insoluble 
substances and for pure liquids the Gibbs film might be regarded 
as but one molecule thick and consist of pure solute molecules 
for substances which lower the surface tension of the solvent. 
If r be the surface concentration in grm. mols per sq. cm., on 
the hypothesis of a unimolecular layer of molecules we obtain 

a = ^ as the area in sq. cms. per grm. mol or = A as the 

area occupied by one molecule of the solute in the unimolecular 
Gibbs film. 

In the following table are given the limiting values of A cal- 
culated from Milner’s and v. Szyszkowski’s equations by Lang- 
muir and Harkins. 


Acid. 

No. of carbon 
atoms in chain 

Area in A.® 

1 

57 

2 

50 

3 

39 

4: 

36 

6 

32 

6 

31 

7 

34 

8 

— 

9 

32 

10 

31 


Langmuir considered these values to be ‘‘in substantial agree- 
ment with the value of A (25 A. 2) found for insoluble films,” 
though the discrepancy cannot be attributed to experimental 
error. Bury (Phil. Mag. iv. 980, 1927) has made an exhaustive 
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in the bulk phase is replaced by the weaker alcohol. Alternatively 
however the faU in F need not necessarily involve a rearrange- 
ment in the outermost layer of molecules. This is shown by the 
following considerations: in applying the Gibbs equation we 
have drawn our arbitrary dividing surface in such a position 
that the solution below it is uniform in composition as a whole. 
If we were to keep the position of the dividing surface fixed and 
at a depth of one molecular layer, the generalised equation 

d(j 

is applicable. 

Since in a binary mixture log /jCi -1- log A ^2 = 

where and iVg are the molar fractions of solvent and solute, 
we obtain from the above 

_ F _ p 

RTd\ogf^c^~ " 

With the aid of this equation only, which is applicable to all 
strong soluti6ns, it is evidently not possible to determine both 
Fi and the surface adsorptions of both solute and solvent; 
some other measurable properly of the surface dependent upon 
its composition must be employed. Bradley (Phil. Mag. (7), vn. 
142, 1929) has suggested that the alteration in the air liquid 
potential difference (see Ch. vii), which is dependent on the 
electric moments of solvent and solute molecules in the surface 
layers, may be used for this purpose. As we shall have occasion 
to note, the evidence for the assumption that the molecular 
electric moment of a molecule in the Gibbs layer at an air-liquid 
interface is independent of the surface concentration is by no 
means conclusive, and until further information is available it is a 
difficult matter to draw any conclusions as to the nature of the 
Gibbs film from information provided by the second portion of 
the F, N curve. But the fact that the change in surface tension 
from = 0-3 to = 1 is only 6-0 dynes per cm. as against 
44 dynes per cm. for the rest, tends to support a theory which 
does not involve any fundamental rearrangement of the surface 
layer in this region. 

For the initial portion of the curve however we may conclude 
with some degree of assurance that the Gibbs film may attain 
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a finite saturation value for the solute and does not become 
progressively thicker on increasing the concentration in the bulk 
phase. 

4. The Unimolecular Gibbs Layer. 

Langmuir from his study of the films of insoluble substances 
upon water (see Ch. m) concluded that the film was in these 
cases but one molecule thick and that the molecules in the film 
were definitelj’^ orientated. 

He suggested that in all cases for both soluble and insoluble 
substances and for pure liquids the Gibbs film might be regarded 
as but one molecule thick and consist of pure solute molecules 
for substances which lower the surface tension of the solvent. 
If r be the surface concentration in grm. mols per sq. cm., on 
the hypothesis of a unimolecular layer of molecules we obtain 

a = p as the area in sq. cms. per grm. mol or = A as the 

area occupied by one molecule of the solute in the unimolecular 
Gibbs film. 

In the following table are given the limiting values of A cal- 
culated from Milner’s and v. Szyszkowski’s equations by Lang- 
muir and Harkins. 


Acid. 

No. of carbon 
atoms in chain 

Area in A.^ 

1 ! 

57 

2 i 

50 

3 

39 

4 i 

36 

5 

32 

6 

31 

7 I 

34 

8 i 

— 

9 

32 

10 

31 


Langmuir considered these values to be “in substantial agree- 
ment with the value of A (25 A. 2) found for insoluble films,” 
though the discrepancy cannot be attributed to experimental 
error. Bury (Phil. Mag. iv. 980, 1927) has made an exhaustive 
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study of the surface tensions and activities of butyric acid 

1 rr, da 

solutions, and by means of the equation F = — 2.3Q3 d lo^c 

hfis determined the limiting areas at several interfaces with the 
following results : 



A.2 

Water-air 

W ater- benzene 
Water-hexane 

32 0 at 25° C. 

33-8 

27-6 


If we apply this hypothesis of the unimolecular character of 
the Gibbs film to our observed value of for alcohol water 

mixtures, we obtain an area per molecule of 24 A. ^ as compared 
with a value of ^ == 33 A.^ obtained with the aid of Milner’s 
equation. 

The application of the gas laws to surface films. 

In the previous sections we have noted that the hypothesis of 
a unimolecular Gibbs layer for solutions of liquids of markedly 
different internal pressures together with the equation of Gibbs 
leads to values for molecular areas and thicknesses which are 
not at all unreasonably different from those determined by 
means of X-ray measurements, or from a study of insoluble 
substances on the surface of water, but cannot be said to be 
identical within the limits of experiment. In one respect, how- 
ever, such soluble films differ from the insoluble films which we 
shall have occasion to examine in the next chapter ; the surface 
tension of solutions, which according to the Gibbs adsorption 
equation r - - JL ^ 

RTdN 

have a value of F == 2 . 10“^® mols per sq. cm., give values of 
Oo — a which vary from 6 to 10 dynes per cm. at 20® C. The same 
number of molecules of palmitic acid put on a sq. cm. of water 
surface would not affect the surface tension of water by so much 
as one-tenth of a dyne. 

Soluble substances appear to be capable of occupying enor- 
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mous areas of the water surface and to be still capable of affecting 
the surface tension. 

To explain this phenomenon Langmuir resuscitated a theory 
of Traube {Lieb, Ann, cclxv. 27, 1891). The latter found that 
the quantity or the surface tension lowering, defined by 

F = gq — 

is approximately proportional to the bulk concentration for 

small values of or , ,, 

F = kN, 

If the solution be regarded as ideal, this combined with (1) gives 

or FA = RT, 

The resemblance between this equation and the equation 
PV — RT for perfect gases led Traube to suggest that the 
lowering of the surface tension of a solvent by a solute is due to 
the thermal agitation of the solute molecules adsorbed at the 
surface. The observed surface tension is on this view the re- 
sultant of two forces, one the unaltered tension of the solvent gq 
and the other an outward two-dimensional “gas” pressure 
exerted by the solute molecules in excess at the interface. 
According to Langmuir the failure of insoluble films to show this 
“gas” pressure is due to the considerable lateral attraction 
between hydrocarbon chains sufficiently long to cause insolu- 
bility, in consequence of which these films resemble liquids 
rather than gases. The possibility of the existence of films showing 
properties resembling the three states of matter had previously 
been suggested by Devaux (see Ch. m). 

Langmuir adds that “surface liquids” may exert a “vapour 
pressure,” though this is less than 0*6 dyne per cm. in all in- 
soluble films so far investigated. We have noted that Traube ’s 
equation F = kN does not obtain except for extremely small 
values of F, an observation which led Milner and v. Szyszkowski 
to develop the alternative empiric relationships between F and 
N already alluded to. If however we accept the hypothesis that 
we may apply a kinetic theory of surfaces for soluble substances 
in the unimolecular Gibbs film containing adsorbed solute mole- 
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cules, it is clear that these adsorbed molecules can hardly be 
expected to behave like perfect gases where molecules are 
supposed to be infinitely small compared with the free space 
separating them. For at all but the smallest values of F the 
area per mol A is not much greater than the least area which 
a mol can occupy under high compression. It is therefore un- 
FA . PV 

reasonable to expect to be unity when for a real gas 

FA 

would not be. The values of over a range of values of F may, 

as shown by Schofield and Rideal (Proc. Roy. Soc. A, cix. 58, 
1925) conveniently be obtained by slightly transforming Gibbs’ 
equation in the following manner. 

Since dF = Fd/x, 



whence 


FA _ dfj, F 
RT~~ltTdF 


If the solution be ideal, 


dfji 1 

2-303ieT (/ log F * 


whence 


dfjL = 2-30SRT d logjo c, 

FA _ d log c 
RT “ sr^^F ' 


The data of v. Szyszkowski have been employed for deter- 
mining the values of for butyric, valeric and caproic acids 
shown in the curves on p, 65. 


* For weak electrolytes the degree of dissociation found by the freezing 
point method agrees with that foimd from conductivity within the limits of 
experimental error, and Ostwald’s dilution law is obeyed. 

When the concentration c of a solution changes, the change in potential of 
the water is given by 

RT 

65-61 


55*51 being the number of mols in 1000 grms. of water. 

The corresponding change in the potential of the solute is 

dM. = - rfM. = BT ^ = HT ['J+ ^ + da] . 
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In the case of soluble substances of low capillary activity the 
evaluation oi F = <tq — cf is a. matter of some difficulty, for this 
two-dimensional pressure must be regarded as the difference in 
surface tension between that of the liquid without the Gibbs film 



Integrating this we obtain 

2^1{T = ^ ^ + (“^^''arflog c + 2:^3 • 

The definite integral may be evaluated if a does not exceed 0-1 by means of 
Ostwald’s dilution law a®c = K. For d log — 2d log a = — • The last two 


terms which give the value of A log/ thus reduce to — 
whence A log / = ~ 0-4343 A \J ^ 


2Aa 


Aa 


Aa 


2*303a^2-303a 2-303a’ 

K for the higher fatty acids determined 
by conductivity measurements is 1-5 x 10“®. 
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and one in which the Gibbs film is established; only as a first 
approximation may the ideal dynamic surface tension of a 
solution, i.e. of a solution without a Gibbs film, be regarded as 
equal to the surface tension of the solv'ent. 

The resemblance between these curves and the corresponding 
curves for a gas like nitrogen is most marked. The initial dip in 
the curve becomes more marked as the length of the hydro- 
carbon chain increases, whilst for large F values the slight 
negative curvature obtained for gases is faithfully reflected. 

A consideration of the isothermals indicates that these two 
dimensional gases are by no means perfect and do not obey the 
Traube equation FA == RT corresponding to the Boyle-Chasles 
law except at extremely low pressures. This departure from the 
ideal state has led to applications of modified equations of state. 

Schofield and Ridcal {Proc. Roy. Soc. A, cix. 58, 1925) have 
employed the two-dimensional analogue of Amagat’s equation 
F (A - B)= iRT, 

in which B is the limiting area, and is a measure of the lateral 

molecular cohesion, to represent the exact behaviour of surface 
films for all but the smallest values of F. The values of 
B and i for substances studied by v. Szyszkowski are given in 
the following table to which has bc^en added the values for 


Substance 

Interface 

B 

A.- per 
molecule 

i 

Observer 

^-Butyric acid 

Water-air 

24*3 

*73 

V. Szyszkowski 

n- Valeric acid 


24*3 

•63 

w-Caproic acid 


24*3 

•43 


Iso- butyric acid 


25 1 

•78 


Iso-valeric acid 

99 

25*1 

■68 


Iso-caproic acid 

99 

25*1 

■48 


Iso-amyl alcohol 

99 

— 

■59 


»-Butyric acid 
Tertiary butyl 

W ater- benzene 

24-25 

1-95 

Harkins and King 

alcohol 

Tertiary amyl 

W ater-mercury 

240 

•52 

Gouy 

alcohol 

99 

28-0 

•46 


Cane sugar 

99 

72*7 

10 * 


Pyridine 


260 

10 
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butyric acid at a water-benzene interface found from the measure- 
ments of Harkins and King (J.A.C.8. xli. 986, 1919) and those 
for substances adsorbed at a water-mercury interface examined 
by Gouy. 

All the normal acids show practically the same value of B at 
a water-air interface, a value which gives the mean area per 
molecule of 24*3ztO'3A.^ This value is also given by n-butyric 
acid at a water-benzene interface. The values of B for the iso- 
acids are consistently a little larger than those for the normal 
acids. The values of i show that these acids resemble gases 
whose critical temperatures increase as the carbon chain 
lengthens. The iso- acids have slightly larger values of i than the 
corresponding normal acids, indicating a decrease in the lateral 
cohesion between chains when branched. 

It is interesting to note the large value of i for butyric acid 
at a water-benzene interface. Immersion of tlie hydrocarbon 
chains in benzene appears to decrease the attraction between 
the hydrocarbon chains. 

This equation leads to a new relation between F and c, for, on 
eliminating A by means of the Gibbs equation, wo obtain 


or 


2Z03RT 


i log F -f 


log/c = i log F + 


2S03ET ' 

^ F 
2-303RT ' 


an equation which is found to give results which agree re- 
markably well with the precise surface tension measurements of 
V. Szyszkowski. 

Volmer (Zeit. physikal. Cliem, cxv. 255, 1925) has adopted the 
equation F {A - B) = RT 

and shown that it is obeyed for benzophenone, but does not give 
as is to be expected from the above data a good agreement 
with the observed values for any homologous series of organic 
compounds of the same type, whilst Bancroft {J. Phys. Ghem. 
XXXI. 1501, 1927) without strong arguments in its favour 
suggests the form ^ 

We might also adopt a two-dimensional analogue of Van der 


5-2 
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Waals’ equation of state rather than any of those cited above; 
this is expressed in the form 

{F- ^^(A-B)^RT. 

(See Frumkin, Zeit, physikal. Chem. cxvi. 466, 1925; also 
Ch. VII, p. 306.) 

It is evidently necessary to examine a number of F, A curves 
over a wide range of temperature to obtain sufficient data from 
which the various molecular constants can be deduced. 

Adsorption of electrolytes. 

In many cases such as at water-mercury interfaces electrolytes 
are positively adsorbed. The application of the kinetic theory to 
surface films of molecules leads, as we have seen, to a ready inter- 
pretfirtiion of the lowering of the surface tension by capillary 
active nonelectrolytes. For electrolytes an additional factor has 
to be considered, namely the mutual interaction of the electrically 
charged ions adsorbed. As we shall have occasion to note, the 
distribution of the adsorbed ions, both positive and negative, at 
an interface such as water-mercury is not readily determined, 
but it is clear from a consideration of the data of Gouy that 
mutual ionic electrical repulsion in the interface is an important 
factor. In the case of potassium iodide, for example, for very 
small values of F the Traube relationship 

F = 2TRT 

is obeyed (each molecule of KI yields two ions, thus the number 
of individuals in the surface phase is 2r). As F increases, instead 

of passing through a minimum, as is the case where molecules 

possess a certain lateral cohesion, the value of this quantity rises 
rapidly, indicating that a repulsive action of great magnitude is 
becoming operative as the superficial concentration increases. 
The nature and structure of this double layer so produced will be 
discussed in a later section. 

Surface pressures. 

In many cases the corresponding two-dimensional pressures 
for surface films may be evaluated by comparing the behaviour 
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of a surface film with that of a gas or solution in the same 
condition, i.e. possessing the same value of i. Thus in the case of 
cane sugar (i == 1) the data of Gouy provide us with information 
on the surface tension of the interface water-mercury in the 
presence of varying concentrations of cane sugar, whilst we can, 
from the data of the Earl of Berkeley and Hartley on the 
osmotic pressure of cane sugar solutions {i = 1), evaluate the 
activity of such solutions with the aid of the equation 

2-S03RT^ 


For an aqueous solution at 0° C. showing an osmotic pressure 

TT FA. 

hundred atmospheres we find =2*3, whilst has 


of one 


this value when the surface phase acquires an F value of 6*8 
dynes per cm. (at 18° C.). It is evident that each dyne per cm. 
of F corresponds to nearly 14*7 atmospheres osmotic pressure, 
so that the ‘‘surface pressure ” at a mercury interface, the surface 
tension of which has been lowered 30 dynes by cane sugar, is 
equivalent to an osmotic pressure of 440 atmospheres. 

The ratio P jF is evidently equal to Bjb when expressed in 
absolute units. Under high pressures at 0° C. the value of b for 
nitrogen is 30-5 c.c. per mol. TZr-butyric acid at a water-air inter- 
face may be compared to nitrogen at 0° C. between the pressures 
400 — 1500 atmospheres, since i — 0-73 for both substances. 
B for butyric acid = 1-49 x 10® sq. cm. per mol, hence 


P 

F 


1-49 X 10® 
30-5 


= 4-82 X 


10 ’. 


Thus a surface pressure of one dyne per cm. is equivalent to a 
pressure of 4*82 x lO"^ dynes per sq. cm. or 47-7 atmospheres. 


The surface tension of solutions and chemical constitution. 

Langmuir has pointed out that some important conclusions 
may be drawn from consideration of the surface and bulk con- 
centrations of capillary active substances. 

The diminution in potential energy of a molecular species 
when it passes from one phase in which it has a concentration 
to that of another phase of concentration Cg , with which it is in 
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equilibrium, may probably be represented by an equation of the 
Boltzmann type 0 

Cl 

where </> is the decrease in potential energy accompanying the 
change. With this assumption a value of the relative polarity 
of different groups from a measure of the decrease in potential 
energy of the molecule as it passes from the interior to the surface 
phase may be obtained. 

From a knowledge of the surface and bulk concentrations of 
various organic substances in dilute aqueous solutions, Lang- 
muir has calculated the following values. 


Group 

Loss of potential energy in 
passing from the interior 
of the liquid to the surface, 
ill calories per grm. mol 


7H) 

Primary OH ... 

.570 

Tertiary OH ... 

9.50 

Monobasic acids 

473 

Eater 

470 

Ketone... 

295 

Aldehyde 

210 

Amide ... 

- 510 

Primary amine 

600 

Dibasic acid \ 

,, alcohol/ 

- 7()o 

Double bond ... 

- 400 

— OH in an acid 

- 800 


It is interesting to compare the values of thus determined 
for a series of solvents of varying internal pressure (cf. 
Hildebrand, Solubility^ p. 1 16 ). The magnitude of the departures 
from Raoult’s law of ideal solution vary in a manner which is 
highly significant as the <f> values of solvent and solute diverge 
from one another. 

We note also that each CHg-group in a hydrocarbon chain is 
similar in character to each other, i.e. the loss of potential 
energy for a CHg-group on passing to the surface is identical 
irrespective of its position in a chain. 
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From the partial vapour pressures of dilute aqueous solutions 
of the alcohols it is possible to determine the partition of the 
alcohol between the vapour and aqueous phase and hence for a 
homologous series of alcohols the change in potential energy occur- 
ring on taking a CHg-group from the liquid to the vapour phase, 
this is found to be ca. 350 cals, (see Frumkin, Zeit, physikal. 
Chem. cxvi. 502, 1925). Since the loss in potential energy in taking 
the CHg-group to the surface is 710 cals., we find that 710 - 350 or 
360 cals, must be expended in taking a CHa-group from off the 
surface into the vapour phase, a quantitative expression for the 
assumption of Traube that the CHg-groups are adhering to the 
surface. 

Application of the Boltzmann equation to the distribution of 
a solute between the bulk and surface phases has been made by 
Langmuir (J.A.C.S. xxxix. 1883, 1917), Herzfeld (Zeit. physikal. 
Chem. evil. 74, 1923) and by Frumkin (Zeit. physikal. Chem. 
CTX. 41, 1924), A derivation of an adsorption isotherm may be 
made in the following manner. 

If the thickness of the Gibbs layer be taken as 8 and its area 
as A , when molecules are present in the layer, each of effective 
volume V, and 712 molecules of solute arc present in the solution 
of volume F, the free volume in the Gibbs layer left is evidently 
^8 — n^v. If an additional molecules be added to the solu- 
tions, a number will go into the surface layer and a number 
A 7/.2 into the solution. On applying the Boltzmann equation we 
obtain 

Atz-i _ P 2 — n^v j7rj. 

An^ ~ Pi V ^ ’ 


where pz and p^ are the a priori probabilities of the molecules 
existing with potential energy <f> and 0 respectively and may be 
taken each equal to unity. 

Rewriting we obtain ^ 

A^i . 

- — - — == -tff- Ati-o . 

^8 — n^v V “ 


jL. 

Whence n^v = Ah — Ce ' on the assumption that 0 
remains constant (see, however, p. 315). 
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When = 0, must be zero also; hence 



where c is the bulk concentratioij. or 

Whence we obtain at high concentrations Too = i and F 

•u ^ 

for small values of c is found equal to Ah . 

From the T, c curves for dilute solutions at various tempera- 
tures the values of <f> may be determined. 


5. Negative Adsorption. 

The inorganic salts raise the surface tension of water, and in 
accordance with the thermodynamic considerations implied in 
the Gibbs equation, the surface concentration of such solutions 
must be less than the bulk concentration. 

Accurate experimental data on the subject of the surface 
tensions of such solutions are scanty. The values of Stocker for 
the dynamic tension by the method of the vibrating jet (Zeit, 
physikal. CTiem. xciv. 149, 1920), and of Harkins (J.A,C.S. 
XLvn. 2083, 1925) and Gilbert (ibid. XLvm. 604, 1926), Goard 
(J.C.S. oxxvii. 2451, 1925) and PaUtzsch (Zeit. physikal. Chem. 
cxxxvin, 411, 1928) for the static tensions, may be taken as 
representative of the most accurate determinations in this field. 

Over a considerable range of concentration for many salts the 
elevation in the surface tension is found to be approximately a 
linear function of the salt concentration or 

^solution ^water K.7n, 

where m = mols of salt per 1000 grins, of water. 

A few of the values of K obtained by these observers for various 
salts are given in the table on p. 74. The values at 20° C. are 
taken from Goard and those at 25° C. from Harkins and 
Palitzsch. 
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In general the surface tension concentration curves are found 
to be slightly convex towards the concentration axis, a curva- 
ture becoming more pronounced for strong solutions. It is 
interesting to observe that with many salts of weak electrolytes 
the curves are initially concave to the concentration axis and that 
there occurs with increasing concentration a point of inflexion 
after which the convex type of curve obtained with the simple 
completely dissociated salts appears. 

Such is found to be the case with both CdClg and AgNOg. 

On the assumption of the unimolecular character of the Gibbs 
film we can, as Langmuir has indicated, obtain some idea as to 
the size of the solvent molecules. If the thickness of the film be 
S and the bulk concentration (7, the quantity of solute which has 
left the film, on the hypothesis of a unimolecular film of pure 
solvent existing at the surface, will be Ch ; this is equivalent to 
the negative surface excess or 


cs = r 


d(j 

djjL 


The thickness of the adsorbed layer is thus 


1000 

ajj, 

M 


Langmuir obtained a value of 8 = 4 A. for the thickness of a 
water molecule in the surface of a solution of potassium chloride. 
From a knowledge of the molecular volume we obtain a cross- 
sectional area of ca. 7 A.^ This calculation therefore involves a 
conception of an elongated water molecule whose diameter is 
about two-thirds of its length orientated vertically at the surface. 
Using Cederberg’s values for the elevation of the surface tension 
of alcohol by dissolved salts (J. Chem. Phys. ix. 10, 1911), 
Langmuir obtains 8 = 4*4 A. and A = 22 A. 2 , a value in good 
agreement with that calculated by other methods, viz. 24 A. ^ 
(see ante). From a knowledge of the activity data of the salts, 
Hamed {J,A.C.S, xliv. 252, 1922), Goard {loc. cit,) and Harkins 
and McLaughlin {ibid, xlvii. 2083, 1925) calculated the values of 
r over an extended range of concentration and find that F is 
not independent of the concentration. 
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K „ 


1*60 

1-70 

1-61 

1*71 

104 

1 75 

— 

1-82 

1-61 



1-63 



1-64 

— 

1 H 3 

1*47 

1-53 

1-52 

1 -50 

1-56 

— 

100 

1-46 

— 

1-44 

— 






10 — 

2-0 — 

30 — 

50 — 


10 0-06 
50 I 013 
100 I 018 
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The film thickness calculated from T would appear to vary 
with the concentration of the salt as indicated by the following 
data in which the negative adsorption in grm. mols per sq. cm. 
and the thickness of the layer 8 in A. are given. 


Salt 

molarity 

LiCl 

NaCl 

C^aCl., 

KCl 

8 

8 

8 

8 

8 

8 


(Harkins) 

(Goard) 

(Harkins) 

(Coard) 

(Harkins) 

(Goard) 

01 

3-54 

5-5 

3-54 

60 

4-4 

4 0 

0-2 

_ _ 

525 

— 

.5-75 



4-2 

0*5 

3-3 

4 25 

3*4 

4-7 

40 

4-4 

1 

2 4 

3-2 

3-2 

3-75 

3-8 

3-85 

2 


2-3 


3-05 

— 

3-25 

3 

20 

21 

2-6 

21 

2-6 

2-05 

4 

— 


2-35 

2-55 

— 

2-75 

5 

1 1 

— 

— 

2-30 

2-45 

— 

— 


The limiting values of 8 are found to vary with the nature of 
the salt, the following data being obtained. 


Salt 

Sinin. in A. 

CdClj 

3-9 

AgNO^ 

2-8 

LiCl 

2-0 

NaOl 

2-3 

KCl 

2-6 


These values are much smaller than those calculated by Lang- 
muir from somewhat scanty data and indicate that our conception 
of a layer of orientated solvent molecules existing at the surface 
must be modified. 

It is interesting to note that the ionic mobilities lie in the order 
K > Na > Li, whilst the true ionic radii are in the inverse order 
(Born, Zeit. f. Physih. i. 221, 1920). It is probable that 
the hydrated ions are always present in the surface but not 
necessarily in equal amounts, and that as the difference in con- 
centration between surface and bulk phases increases this is 
accompanied by a simultaneous increase in the steepness of the 
concentration gradient from surface to bulk phase, a process 
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which may be associated with the removal of water of solvation 
from around the ions. 

Some further insight into the behaviour of salts at air-liquid 
interfaces may be obtained from a consideration of the electrifica- 
tion produced at such surfaces by solution of salts in the liquid, 
a point which will be considered in Ch. vii. 

6. The adsorption of gases and vapours on liquid surfaces. 

Iredale {Phil. Mag. xlv. 1094, 1923; xlviii. 175, 1924) has 
studied the adsorption of a number of vapours at a mercury 
surface. The experimental data have led to a number of in- 
teresting conclusions. 

The surface tension of mercury in the presence of the vapour 
at various partial pressures was measured by the drop weight 
method. The following values were obtained for the surface 
tensions of mercury in the presence of vapours of methyl acetate, 
water and benzene at various partial pressures at 26-27® C. 


Methyl acetate 

Water 

Benzene 

Partial 


PaitiaJ 


Partial 


pressure 

a 

pr(‘asure 

a 

pressure 

a 

mm. 


mm. 


mm. 


0 

472 

0 

472 

0 

472 

19 

444 

110 

401 

26-5 

415 

109 

423 

17-5 

454 

37 0 

410 

137 

419 

25 

447-368 

42-1 

406 

167 

418 



49-9 

402 

227 

417 



61-8 

400 

Sat. 

412-370 



763 

396 

i 

— 1 



101-0 

396-354 


It will be noted that the fall in surface tension of the mercury 
with increase in the partial pressure of the vapour is similar to 
the fall observed in aqueous solutions with increase in con- 
centration of a capillary active solute. 

The vapours are evidently adsorbed on to the mercury surface 
and the amount adsorbed can be calculated with the aid of the 
Gibbs equation 

d^’ 

where dfjL = 2*303 d log^o P. 
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Calculating the maximum amount of each vapour adsorbed, 
we obtain for the limiting molecular area from the relationship 

r = ^ the following values : 


Vapour 

Limiting area in A.- 

Methyl acetate 

27 

Water 

16 

Benzene 

21 


which are in fair agreement with those calculated from the 
surface tension of solutions and indicate that in the adsorption 
of these vapours on mercury we are, in all probability, dealing 
with the formation of a unimolecular orientated adsorption film 
of vapour. In a similar manner Micheli (Phil. Mag. vii. 895, 
1927) has measured by the drop-weight method the lowering of 
the surface tension of a water-air and mercury-air interface in 
the presence of the vapours of various hydrocarbons. 

The limiting areas calculated with the aid of the Gibbs 
equation were found to be 


Vapour 

Water 

temperature 

(°C.) 

Air 

interface 

Vapour 

Mercury 

interface 

C,H, 

25 

40-8 

C«Ho 

20-5 

40 

56 05 


19-8 

C.H„ 

25 

17-9 

CeH,, 

23-2 

35 

24-9 

^8^18 

25-5 

27-5 


By determination of the partial pressures necessary for equal 
adsorption at two different temperatures the heat of adsorption 
of the vapours on the water surface were determined with the 
following results : 


Vapour 

Heat of adsorption 
cals, per grm. mol 

C.H, 

13,600 

C,H„ 

13,600 

C,Hm 

11,700 

C,H„ 

14,600 
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These values for the adsorption of vapours are comparable with 
those obtained for the heat of adhesion or the heat liberated on 
bringing two liquid surfaces together, the method of measure- 
ment for which is described on p. 145. 

Iredale (Phil. Mag. XLix. 605, 1925) has extended liis in- 
vestigations on the adsorption of vapours at mercury surfaces 
by employment of the method of the sessile drop. He neglects 
any possible change in the angle of contact and employs the very 

approximate equation . By this method he has obtained 

9P 

the following values for the limiting areas at the maximum 
adsorption : 


Substance 


Limiting area A.- 


Methyl acetate 
Benzene 
Ethyl alcohol 
Propyl chloride 
Ethyl bromide 


27-5 

21-23 

29 

about 40 
about 40 


In the case of methyl iodide the adsorption was found to be 
associated with a large fall in surface tension of some 73 dynes per 
cm., and was also almost irreversible in that the surface tension 
did not rise again on reducing the partial pressure of the vapour. 
The limiting area of the stable surface compound was found to 
be quite small, being only some 13 A.^ 

It is further interesting to note that the transition from a pri- 
mary adsorption film to a system in which the liquid is condensed 
on the mercury surface in the form of a thick layer, the free sur- 
face of which would possess the properties of the free surface of 
the liquid in bulk, is not abrupt. We observe that a point of 
instability is reached when the vapour pressure approaches 
saturation value and that the apparent surface tension of the 
drop can fluctuate within relatively wide limits. Iredale has 
shown that these values do not correspond to the tensions 
mercury /liquid, liquid/air, but may be due to a condensed fllm, 
a secondary film on the mercury surface. Whilst the transition 
from the primary film to the thick layer through the formation of 
secondary layers (Slav&y^Proc.Roy. Soc. A, lxxxviii. 316, 1913) 
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takes place in this particular case within narrow limits of vapour 
pressure change, there is little doubt from the data that the 
change is definite although unstable, since the excess liquid 
above that necessary to form a unimolecular layer probably 
collects in minute droplets on the mercury surface. This con- 
tinuous change in the P, o- curves obtained by Iredale near the 
critical point P^^^ appears to be similar in character to the 
changes, observed by Goard and Rideal, occurring in the activity, 
a curves for phenol water and salt mixtures near the salting out 
point, and may be taken as evidence for a progressive but not 
necessarily uniform thickening of the capillary layer before it 
acquires the properties of a bulk phase, a point to which we shall 
have occasion to refer. 

Oliphant {Phil. Mag. vi. 422, 1928) has examined the selective 
adsorption of carbon dioxide admixed with either hydrogen or 
argon by a mercury surface. The method employed was an 
adaptation of that utilised by Schofield (see p. 309), in which 
the gaseous mixture entering at the centre of a vertical tube and 
flowing out at each end was submitted to analysis by a refracto- 
metric method. A stream of mercury drops falling down the tube 
enriched the gas flowing out at the bottom and impoverished 
that issuing from the top of the tube. He found that at all 
concentrations above about 2 % the carbon dioxide selectively 
adsorbed at the surface of the falling mercury was constant and 
of the order of 6-5 . 10^^ molecules per sq. cm. We may note 
that since the molecular diameter is some 4*2 A., a close packed 
unimolecular layer would contain some 6-0 . 10^^ molecules per 
sq. cm. 

Oliphant records the following data for the number of mole- 
cules per sq. cm. adsorbed from gases of different compositions 
at 16° C. 


% COs in Hj 

Molecules per 
sq. cm. 

X 10-14 

% CO 2 in argon 

Molecules per 
sq. cm. 

X 10-14 

0-6 

3 

6 

6 

20 

5 

10 

6 

60 

7 

15 

5 

100 

7 

I — 

— 
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The effect of pressure on adsorption of vapours. 

In a manner analogous to that already given for the deter- 
mination of the surface concentration in terms of the bulk 
concentration, we may find a relationship between the amount of 
vapour adsorbed on a liquid (or with certain assumptions on a 
solid) surface and the partial pressure of the vapour. 

From the Gibbs equation ^ obtain dp = — AdF^ 

and if the vapour be assumed to obey the perfect gas law we 
likewise obtain — dp = v dp^ hence 

vdp^AdF (1). 

This equation can be combined with any of the four equations 
of the two-dimensional state given on pp. 66, 67 and 68. 

Thus for very small adsorption the use of the Traube equation 

FA = ET 


is justified. From this equation we obtain by differentiation 
FdA “h AdF ~ 0, 

, FdA RTdA 

whence dF ^ ^ 

, . BTdv 


dF^- 


and in a similar manner dp = — , . 

Inserting these in (1), we obtain 

_ RTdA _ RTdv 

A ~ V 

, . „ KRT 

whence A = Kv = - — or x = 

P 


P 

KRT • 


The use of the Traube equation thus leads to a linear relation- 
ship between the amount adsorbed on the surface and the 
pressure of the gets or vapour. 

At high pressures however we have seen that the Traube 
equation is not applicable, and the equation of Volmer 
F (A - i5) = jRT or of Schofield and Rideal F (A - F) = iRT 
must be employed, the former only in the case where the lateral 
adhesion between the adsorbed molecules is negligible. If it be 
assumed that the two-dimensional concentration be not too 
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great so that 2AB > then utilising Volmer’s equation for the 


two-dimensional gas we obtain x 


P 


KliT + 2Bp 


and we note 


that the surface would be saturated when x^o = or only half 


completely covered, an assumption to be contrasted with the 
view of Langmuir (see p. 1 95). 

We may also note that the rate of evaporation from the uni- 
molecular film of adsorbed vapour may readily be calculated 
with the aid of the Herz-Knudsen equation. Thus in one of 
Iredale’s experiments on adsorption of benzene vapour by 

r 

mercury at a pressure of 12*5 mm. at 300° K. the value of „ 

A oo " 

calculated from the Gibbs equation gave a fraction of the surface 
0*564 covered with benzene and a fraction 0*436 bare. The rate 
of condensation on the bare surface from the vapour is 
0*902 . 10~3 grm. mols per second, which is equal to the rate of 
evaporation from 0*564 cm.^ holding 0*443 . 10~® grin. mols. 
Thus the mean life of a benzene molecule on the mercury is 
4*9 . 10“’ seconds, comparable to 4*7 . 10“® seconds for a 
benzene molecule on liquid benzene at the same temperature. 


Chemical reactions at gas-liquid interfaces. 

A few cases of chemical reactions taking place at the gas- 
liquid interface have been noted. The process of skin formation 
in various protein solutions may be attributed to a reaction 
occurring at the phase boundary. The reduction in the enzyme 
activity of rennin investigated by Abderhalden {Zeit. physi- 
kal. Chem. liv. 331, 1908), Schmidt Nielsen (Zeit. physikal. 
Chem. LXiv. 547, 1909) and Shaklee and Meltzer was shown 
by Rideal and Wolf (Proc. Roy. Soc. A, cvi. 98, 1924) to be 
due to a reaction taking place between rennin and a capillary- 
active dialysable material, probably a fatty acid at the air- 
liquid interface. The capillary-active constituent was found to 
be removable by selective adsorption on Fuller’s earth or dry 
starch and could be displaced from the surface by capillary- 
active substances such as octyl alcohol or saponin. 

Wu and Ling (Chinese Journal of Physiology, i. 407, 1927) 
have examined the coagulation of various proteins by shaking. 
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They find that whilst serum proteins and conalbumin are not 
changed by agitation, haemoglobin and egg-albumin are readily 
coagulated by this means. The coagulation was shown to be 
proportional to the air-liquid interface exposed and the rate 
found to be at a maximum at the isoelectric point of the protein, 
viz. 9-8 for egg-albumin and 6*7 for oxy- and methaemo- 
globin ; that in this case also the process of coagulation was taking 
place in a very thin layer is evident from the following data. 

Amount of albumin coagulated per shake =- 3*09 . 10“® grm. 

Area of effective surface during motion = 70 cm.^. 

Amount of albumin of density 1*3 coagulated per sq. cm. per 
^shake = 4*4 . 10“’ grm. 

Thickness of layer = — = 34 A . 

Whilst this thickness exceeds those obtained by Gorter and 
Grendel (see p. 116), it is in fair agreement with the value of 
30*3 A. obtained by Du Notiy (Surface Equilibria of Biological 
and Organic Colloids, p. 114. N.Y.). As in the case of rennin 
destruction the rate is decreased by the addition of capillary- 
active materials such as saponin and ether and increased by the 
addition of salts which raise the surface tension of water. No 
decision was arrived at as to the mechanism of the coagulation, 
but it appeared likely that the natural protein was first adsorbed 
at the air-liquid interface; it there underwent a process of dena- 
turing followed by mechanical coagulation. In contrast to the 
view of Rideal and Wolf the protein was regarded as undergoing 
these changes without the presence of any other capillary- 
active material. 

Barker and Neumann (Proc. Roy, Soc. New South Wales, lx. 
45, 1926) observed that the rate of hydrolysis of isoamyl acetate 
at a hydrochloric acid interface was identical with the rate 
obtained at the surface when a mixture of water and ester- 
vapour is passed over it, the rate evidently being limited by the 
attainment of surface saturation. 
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THE SURFACE FILMS OF INSOLUBLE MATERIALS 

1. Introduction. 

Experiments commenced by Miss PockeLs and extended by 
Lord Rayleigh {Phil. Mag. xlviii. 331, 1899) indicated that a 
film of oleic acid spread on the surface of water continued to 
exert the same depressing action on the surface tension of the 
water until the thickness of the film, calculated from the area 
covered and the quantity of oil put on, was about 50 A. In the 
neighbourhood of 20 A. the tension was rapidly increasing as 
the film grew thinner until at 10 A. it did not differ perceptibly 
from that of pure water. This thickness was known to be of the 
same order as the diameter of a molecule, and Rayleigh sug- 
gested that the thinnest oil films possibly consisted of only a 
single layer of molecules which could be regarded as floating 
objects. 

Experiments on similar lines were carried out by Devaux 
(Ann. Report Smithsonian Inst. 261, 1913), Marcelin (J. de 
Physique, i. 19, 1914) and Labrouste (Ann. de Phys. xiv. 164, 
1920). Meanwhile advances in other branches of molecular 
physics had led to very much more certain values for molecular 
dimensions, and when for triolein Devaux estimated the thick- 
ness of the thinnest film at 10 A., while the mean molecular 
thickness calculated from the molecular volume and the Avo- 
gadro number was 11-3 A., he concluded that this film was in 
fact only one molecule thick. 

Devaux also advanced the important theory that the charac- 
teristics of the solid, liquid and gaseous states of matter are 
retained so long as one continuous layer of molecules remains 
unbroken. 

The effect of temperature upon the properties of thin films 
was first investigated by Labrouste who showed that below a 
certain temperature the area of a continuous film of oil remained 
constant ; as the temperature rises the area increases over a small 

6-2 
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range of temperatures usually some 15° C. and the area again 
becomes practically constant at a higher value. 

In 1917 Langmuir published his well-known paper on ‘‘The 
fundamental properties of liquids ” {J.A.C.S. xxxix. 1848, 1917; 
see also Met. Cliem. Eng. xv. 468, 1916 and Proc. Nat. Acad. Sci. 
III. 251, 1917 : in which his views were elaborated), in which he 
accepted the conclusion that films of oils on water were uni- 
molecular and made further experiments on the subject by a 
direct method. This paper initiated the undertaking of experi- 
mental work on the subject of film formation by numerous 
investigators. 

2. Experimental methods for examination of films. 

(a) The barrier methods. 

The surface tension of the films examined by Pockels and 
Rayleigh was determined by the force necessary to break them, 
a method open to some obvious objections, whilst the French 
investigators did not as a rule measure the tensions of the films 
but determined their maximum extension by scattering talc on 
the surface to make its boundaries visible and observing the 
maximum area which the film could be made to cover. Langmuir 
was the first to devise a differential apparatus which recorded 
simultaneously the area and the tensions of the films. The type 
of apparatus used with success by more recent investigators is 
essentially that of Langmuir, which with suitable modifications 
introduced by N. K, Adam is diagrammatically represented 
on p. 85. 

It consists essentially of a shallow trough conveniently made of 
brass or nickel with parallel and smooth sides. Parallel to one 
end of the trough and suspended from a torsion wire by means 
of a fine silk suspension is a thin waxed copper strip, which is 
attached to the sides of the trough by means of thin platinum 
or gold leaf strips. This light copper strip thus acts as a movable 
barrier enclosing the film on the surface of water placed in the 
trough, escape of the film past the ends of the barrier being 
prevented by the strips of gold leaf. A waxed glass slide moved 
along the smooth sides of the trough parallel and towards the 
barrier permits of compression of the film, and the difference of 
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tension between the water covered with the film and the clean 
water on the two sides of the movable waxed copper barrier can 
be compensated by a twist of the torsion wire. The torque of the 
wire is calibrated by hanging a small balance pan from an arm 
attached horizontally and at right angles to the centre of the 
wire and adjusting the torque for different weights placed in the 
pan. The whole trough is rigidly mounted on a firm base and 
levelled by suitable screw feet. With the aid of a mirror and by 
preserving a uniform temperature differential pressures as low 
as 0*1 dyne per cm. can be measured with some exactitude, and 
values as low as 0 0 1 dyne per cm. can be computed. Leakage 



of the film over the sides of the trough is prevented by a thin 
coating of pure wax. 

To carry out an experiment the cleaned trough is filled with 
water and the surface scraped with a waxed slide to remove 
any accidental capillary-active impurities ; a quantity of oil in 
dilute solution in pure redistilled benzene or petrol ether is 
dropped on the surface and the solvent allowed to evaporate. 
The area of the oiled surface is now altered by movement of the 
waxed slide with simultaneous measurement on the torsion wire 
of the differential tension required to maintain the floating 
copper barrier in its position of equilibrium; this differential 
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tension is to be regarded rather as a two-dimensional pressure 
exerted on the film to keep it from spreading out indefinitely 

jp 

It is with this type of apparatus that almost all the quantitative 
work has been carried out. 

(6) Optical meAhods, 

There are two optical methods by means of which unimolecular 
films have been detected. The first, historically the earliest, is 
the only one by which the thickness of the film may be com- 
puted. 

Jamin (Ann. Chim. xxxi. 165, 1851) noticed that when light 
plane polarised at 45*^ to the plane of incidence of the surface of 
a liquid was reflected at the Brews terian angle the reflected 
beam was slightly elliptically polarised, the coefficient of 
ellipticity produced being dependent on the nature of the liquid. 
This coefficient measured by the ratio of the amplitude of the 
wave vector in the plane of incidence to that perpendicular to 
the plane was found to be positive for water and aqueous solu- 
tions and negative for most other liquids. 

The cause for this ellipticity was first explained by Brude 
(Theory of Optics) on the classical electromagnetic theory by the 
assumption that instead of a sharp boundary between the two 
media there existed a thin film or layer over which a rapid 
transition took place; the ellipticity produced varies in origin 
according as the film is of greater refractive index than either 
medium or intermediate between the two. Drude’s equation 
may be expressed in the form 

g KX nj,^ (n^^ - Tigg ) 

^ Vni^ -h n.^ (nj,^ — nf^) (n^^ — n^)^ 
where Wj, n^^ n^ are refractive indices of the media and the 
transition layer for light of wave length A, and K the coefficient 
of ellipticity produced by a layer of thickness 3. 

Drude thus established the cause of the ellipticity in the 
existence of a transition layer produced on reflection ; he showed 
however (Wied. Ann. xxxvi, 632, 1889) that fresh cleavage 
surfaces of transparent crystals gave complete polarisation 
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within the limits of his experiments. Rayleigh (Phil. Mag. (1), 
V. 33, 1892) concluded that Jamin’s results were vitiated by 
contamination of the surfaces and on repetition of the experi- 
ments found that on clean water surfaces the ellipticity produced 
was either zero or very small, but on contamination of the surface 
with oil a noticeable change took place before even the camphor 
point was attained. He repeated these experiments on glass 
(Phil. Mag. (6), xvi. 444, 1908) and on diamond surfaces (ibid. 
431, 623, 1912) and obtained an ellipticity which he states was 
probably due to contamination, and the possible existence of a 
unimolecular transition layer was definitely suspected. Fused 
quartz however gave no sign of a transition layer at the surface. 
Apart from contamination the ellipticity may be effected by a 
transition layer caused by an interpenetration of the two media 
(Wheeler, Phil. Mag. xxii. 229, 1911), or by a pressure on the 
reflecting surface (Volke, Ann. d. Phys. (3), xxxi. 609, 1910). 

The Jamin-Rayleigh method of detecting thin films by ob- 
servation of the change in ellipticity produced by reflection at a 
surface before and after a film had been placed on it has been 
employed by Ives and Johnsrud (Proc. Opt. Soc. xv. 374, 1927) 
to measure thin films of rubidium. Using a Babinet compensa- 
tor instead of a quarter wave plate to determine the ellipticity, 
values of 5 == OA. were detectable. Raman and Ramdas (Phil. 
Mag. (7), iii. 220, 1927), using an apparatus similar to that of 
Rayleigh, measured the ellipticity produced at the surfaces of 
various liquids and showed that there was no noticeable rela- 
tionship between the refractive index of the liquid and the 
ellipticity. On the arbitrary assumption that n^ = V^ 2 » they 
found that the thicknesses of the transition layers calculated 
with the aid of the Drude equation were of the order of molecular 
diameters as obtained from viscosity measurements. On covering 
a water surface with films of palmitic and oleic acids and 

assuming that tijp = — ^ ^ they obtained thicknesses for these 

films of S = 13-3 A. and 10-0 A. for oleic and palmitic acids 
respectively. These authors concluded that the observed 
ellipticity at the surface of pure liquids was not due to an ad- 
sorbe(i film or to the orientation of the molecules, but due to the 
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molecular motion causing a transition layer of optical density 
lower than the bulk density. 

Frazer {Phys. Rev. xxxiii. 97, 1929), using an accurate photo- 
metric method for the determination of the ellipticity, has 
measured the values of K on the adsorption of the vapours of 
methyl alcohol and water vapour on glass. No detectable ad- 
sorption was observed with water vapour up to 2 mm. pressure, 
a gradual increase in condensation was noted over the region 
6-12-5 mm., whilst at 13 mm. signs of strong condensation were 
observed. In the case of methyl alcohol condensation com- 
menced at 30 % saturation, increasing until 90 % saturation was 
obtained when strong condensation set in. The thickness of a 
film of oleic acid on the glass surface was estimated to be 1 4-5 A. 

Bonhet (C.R. clxxxv. 200, 1927) measured the ellipticLties of 
polarised light for various salt solutions and showed that they 
were almost coincident with the value obtained with pure water, 
a result as we have seen in agreement with the hypothesis that 
the surfaces of solutions containing salts which raise the surface 
tension of water consist almost entirely of water. In the case of 
solutions of the fatty acids (C.R. clxxxviii. 59; CLXXXix. 43), 
the ellipticity was found first to fall and then to rise with in- 
creasing concentrations, giving minimal values for the relatively 
insoluble ones at the point of saturation. In all cases a constant 
ellipticity was reached at the point where each molecule had an 
area of cm. 25 A. on the surface. 

Film formation on mercury surfaces has been examined 
notably by Sissingh and Haak (Proc. Roy. Acad. Sci. Amst. xxi. 
678, 1919), Resser (ibid. xxiv. 102, 1921) and Elierbroek (Arch, 
neerland. Sci. cxi. 10 A, 42, 1927), who showed that there existed 
gas films on mercury of the order of 16 A. thick; an oil film was 
computed to be 30 A. in thickness. 

The second optical method for the examination of surface 
films involves the determination of the amount of light scattered 
by the surface. Gans (Ann. d. Phys. (3), lxxiv. 231, 1924; 
(3), Lxxix. 204, 1926) showed that on the assumption that the 
surface of a liquid was never quite plane owing to the thermal 
motion of the molecules constituting the surface, which motions 
were partly controlled by the surface tension of the liquid, light 
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striking the surface at the critical angle would in general not 
suffer complete reflection but would suffer partial scattering. Gans 
investigated the case both for mercury and for transparent liquid s . 

Raman and Ramdas (Proc. Roy. Soc. A, cviii. 5(51, 1925; 
A, cix. 250, 1925) determined this surface scattering experi- 
mentally and showed that in general the observed scattering 
agreed with Gans’ predictions. In agreement with the theory 
they found that the intensity of the scattering was greatest for 
liquids of high refractiv^e index and low surface tensions. Later 
{ibid. A, cix. 272, 1925) they observed that the surface scattering 
obtained with pure water was more than doubled by placing 
sufficient oleic acid on the surface to stop the motion of camphor 
and that the scattering increased enormously on the subsequent 
addition of more acid. In this case however photomicrographs 
revealed the presence of numerous minute lenses of oil whereas, 
before, the film appeared quite homogeneous. Molten palmitic 
acid behaved in a similar manner. 

The surface scattering of liquid carbon dioxide was shown to 
increase considerably as the critical temperature was approached, 
and similarly the scattering at the interface between carbon 
disulphide and methyl alcohol increased on approaching the 
critical solution temperature; results in agreement with Gans’ 
views as to the origin of the scattering for the interfacial tensions 
tend to vanish at this temperature. 

Finally we may note two other possible methods of investiga- 
tion. According to Chella (A^. Cimento, v. 416, 1928) the liquid 
films of oleic acid in the dark space of a Newton’s ring series 
possess an absorption band different either from that of oleic 
acid or of water in bulk. Wolkowa and Titon (Zeit. f. PJiys. Llll. 
708, 1929; Zeit. physikal. Chew,. B, iv. 71, 1929) passed a beam 
of parallel light through a cell half filled with liquid, the rays 
forming the image of the colimated slit passing half through the 
liquid and half through the air space just above the liquid; they 
noted that on momentarily disturbing the surface, two sets of 
interference fringes were observed which die away in the course 
of a few minutes. For aqueous salt solutions variation in the 
concentration of the dissolved salt was found to effect a linear 
deviation of the rays. 
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(c) Measureme'tvt of the air -liquid 'potential difference. 

In addition to the use of the Langmuir trough and the optical 
methods which can be employed for the examination of surface 
films, we shall have occasion to describe the change in the air- 
liquid potential difference effected on placing a film -forming 
material on the surface of the water. The results obtained by this 
method, which are given in Ch. vii, are found to provide us with 
additional valuable information concerning the molecular archi- 
tecture of the film, 

3. Film structure. 

As a typical example of the type of curve obtained with the 
aid of the Langmuir trough we shall take the case of palmitic 



Sq. A. per molecule 


acid on water at 16° C. The figure from Langmuir’s paper shows 
the compressive force F (i.e. the difference, in dynes per cm., 
between the surface tension of pure water and of the oiled surface) 
plotted against the area occupied by one molecule measured in 
Angstrom units. 

At the lowest measurable compression (Q) the molecular area 
is 21*8 A.*, and the film is perfectly mobile, allowing floating 
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particles of dirt to move about freely. On reducing the film area 
with the aid of the waxed slide, the compressive force rises 
following the curved line QS, The lowest part of this line appeared 
to be asymptotic to the axis of area. At S the dust particles on 
the surface lost their mobility as if now held rigidly in position. 
S is thus the melting point of the film. From S to 11 the line 
is practically straight and gives the compressibility of a two- 
dimensional solid. At II the film begins to crumple and strain 
lines may be observed on the surface similar to those of a 
collapsing saponin bubble. At this point the film as such ceases 
to exist. 

At higher temperatures the melting point of the film occurs at 
higher compressions like ordinary solids which melt with increase 
in volume. 

We have seen that earlier experimenters on the subject of thin 
films had reached the conclusion that these films were probably 
onl^ one molecule in thickness. Rayleigh had suggested that 
at the point corresponding to Q, where the oil first exercises an 
appreciable effect on the surface tension of water, the film was one 
molecule thick ; but that at the point H, where the maximum effect 
on the surface tension is reached, the film becomes bimolecular. 
Marcelin supported the theory of Rayleigh on the grounds of his 
own experiments with oleic acid in which the quantity of oil 
required to cover the surface at the minimum surface tension Q 
was one half that necessary at the maximum tension H. Devaux 
however pointed out that the ratio was not so great as two to 
one in any case, and explained the phenomenon by supposing 
the molecules to be capable of looser or tighter packing. 

The theories offered so far gave no clue to the origin of the 
imimolecular films. Langmuir however pointed out that if the 
molecules in the film are regularly orientated on the surface of 
the water owing to the attraction between the water and the 
active groups of the organic liquid, these groups, e.g. — COOH, 
— CHjjOH, are dissolved as it were in water. The long hydro- 
carbon chains attached to them have no great tendency to 
dissolve, and thus stand up over the surface. “It is therefore 
evident,” says Langmuir, “that there should be no particular 
reason for another layer of oil molecules to spread out on top of 
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of molecular layers contained in a thin film by the method of 
Rayleigh and Devaux, without further consideration. (If for 
example Devaux had chosen cerotic acid instead of triolein as 
his test case, he would have found 31 A. as the thickness of the 
film, whereas the cube root of the volume of a molecule is 
\/ SI X 25= 9-2 A. Thus, neglecting the shape of the molecule, 
cerotic acid would have appeared to form a trimolecular layer.) 

The cross-sections of the saturated acids do not vary much, 
but the length increases with the number of atoms in the carbon 
chain, as would be expected from Langmuir’s theory. The 
alcohol has a somewhat greater cross-section than the acids. The 
cross-section of the glycerides is about three times as great as 
that of the acids from which they are derived, a fact easily 
explained on the supposition that the three acidic chains in each 
case lie side by side, occupying as much area on the water as if 
they were in separate acid molecules. 

The case of oleic acid, which, with the same number of carbon 
atoms as stearic acid, occupies double the area on water, is of 
interest in that at room temperature this acid has already under- 
gone the expansion noted by Labrouste. Thus films of long-chain 
acids can exist on the surface of water in at least three well- 
defined states — the solid condensed, the liquid condensed and the 
expanded states. We shall have occasion to note that in addition 
to these forms there exists in, addition films in the highly at- 
tenuated or vapour state, thus presenting a series of states of 
attenuation until approximating to the gaseous state of the Gibbs 
layer of the short chain fatty acids discussed in the preceding 
chapter. We are indebted chiefly to N. K. Adam for a long 
series of careful measurements of the force/area curves of Aims 
of a number of materials in these various states, and both from 
the properties of the films themselves and from the nature of 
these force/area curves certain conclusions may be drawn as to 
the molecular architecture. 

4. The condensed states. 

If the force/area curve of an insoluble film-forming material, 
e.g. a hydrocarbon chain with a terminal polar group, be plotted 
at temperatures below the expansion temperature noted by 
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Labrouste, it is found that it consists in general, except at ver 3 '^ 
low pressures, of two straight lines. In fig. 1 are shown tlie 
force/area curves for palmitic acid at ordinary temperatures on 
solutions of various acidities as determined by Langmuir 
(J.A.C.S, XXXIX. 1848, 1917), Adam (Proc. Roy. Soc. A, xcix. 
33, 1921) and Lyons and Rideal (Proc. Roy. Soc. A, cxxiv. 323, 
1929). It will be noted that on solutions more acid than Pjj 5 
these two straight lines with intercepts at zero pressure of areas 
20*6 A. 2 and 24*4 A.^ respectively are clearly defined. As the 
underlying solution is rendered more alkaline, the low pressure 
and large area form of the film gradually disappears with de- 
creasing limiting area until on relatively alkaline solutions only 
one straight line is obtained with the same limiting area of 



Fig. 1. The Force/Aroa Curves for Palmitic Acid. 

20*6 A. 2 The film is found to be liquid in the low pressure large 
area region and solid in the high pressure region, whilst the 
‘‘melting” of the film in as far as visual observation can decide 
occurs at the intersection of the two F, A curves. 

The limiting area of 20*6A.2(to20*4A.2)for the solid condensed 
film has been shown by Adam (Proc. Roy. Soc. A, ci. 452, 1922) 
to be characteristic of a number of substances consisting of 
hydrocarbon chains and different types of terminal polar or 
“head” groups, whilst the limiting area of the liquid condensed 
film varies not only as noted above in the case of the — COOH 
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group with the reaction of the underlying liquid but also with 
the nature of the polar group. Whilst a systematic investigation 
similar to that given above for the — COOH group has not been 
made on the dependence of these limiting areas for the liquid 
condensed state on the nature of the underlying liquid, a few 
of these limiting areas, which as we have seen for acids is de- 
finitely characteristic of the — COOH group over a wide range 
of Pyj , are given in the following table and are drawn chiefly from 
the very detailed and extended investigations of Adam. 



Limiting area per 


Head group 

molecule in liquid 
condensed form A.^ 

Reference 

— (JOOH 

24-4 


— NHg 

30-6 


—OH 

210 

Adam and Dyer* 

— COOR 

220 

— OCOCH3 ... 

230 


— phenol 

23-8 

Adamf 

— anilin 

23-7 


— CHRr COOH 

27-2 but variable 

Adamf 


* Pmc. Roy. Soc. A, cvi. 645, 1924. t A, c iei. 680, 1923. 
:}: Ibid. A, cm. 690, 1923. 


(a) The solid condensed state. 

The limiting area of 20-6 A.^for the solid condensed film is as 
we have noted characteristic of a number of substances con- 
sisting of hydrocarbon chains and different types of head groups, 
and from apparent agreement with X-ray measurements was 
taken as an indication that the film in this state consisted of 
vertically orientated close-packed molecules. The careful X-ray 
analysis of the structure of solid fatty acids by Muller (Proc. Roy. 
Soc. A, cxx. 437, 1928), Piper {J.C.S. 2310, 1926) and Thibault 
{Trans. Farad>. Soc. xxv. 415, 1929) however has revealed that 
in such solid fatty acids the hydrocarbon chains are not in fact 
vertically orientated with respect to a plane through the car- 
boxyl head groups, but are inclined to it at definite angles, in 
the more common crystalline form this angle being 63° 38'. 
Muller {Proc. Roy. Soc. A, cxrv. 542, 1927) suggested that a film 
in the solid condensed state might not in fact be vertically 
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orientated but inclined in respect to the plane of the water surface. 
If the solid condensed film of numerous substances occupies but 
one characteristic area, some mechanism independent of the head 
group must be operative in restricting the inclination of the 
molecules, as is shown by the following analysis (Lyons and 
Rideal, loc. cit.). 

Two consecutive molecules in a molecular film of stearic acid 
are represented in the diagrammatical sketch. 

The data for the unit cell, which contains four molecules, 
are given by Muller (loc. cit.) as a = 5-546 A., b = 7*381 A., 
p = 63° 38'. From this we can calculate that the area occupied 
by two molecules perpendicular to the lengths of the molecule 
has the dimensions 

a' = 5-546 sin 63° 38' = 4-97 A., 5' = 7-381 A. 

Applying these results to the sketch below, we obtain 
Aj5=4-07A. and R(7=2-54A. 



On calculation of the area occupied by one molecule, if it 
stands on the plane through BC and parallel to the b axis of the 
crystal (i.e. perpendicular to the plane of the paper), it is seen 
that AC = + BC^)^ = (2-54* x 4-97*)* = 5-68 A., which is 

in good agreement with the 6*646 A. of the observed iinit cell. 
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The area occupied by two molecules on this plane is 
7*381 X 6*58 = 41*2 A. and the area occupied by one mole- 
cule on this plane is therefore 20*6 A. which is in very good 
agreement with the actual area occupied by one molecule in a 
unimolecular film. 

In other words, the molecule occupies on the surface of water 
the area it would occupy on a plane tlu*ough AC, which is a plane 
such that relative to the neighbouring chain each chain has 
moved up a distance equal to two carbon atoms (one whole 
zig-zag). 

There is thus only one stable position of tilt, which is identical 
for a large number of molecules with different head -groups. 
These head-groups are generally all small in size, so that they are 
unlikely to force the molecules farther apart from one another ; 
although exceptions are found in cases where the molecules 
possess large head-groups, e.g. the a-bromocarboxylic acids. 
They are all asymmetric in character or asymmetrically attached 
to the chain. This asymmetry will give rise to a tendency of the 
molecule to tilt, and in practice tilting occurs such that one chain 
is moved up relative to the next by one whole zig-zag. This 
position will be of great stability, as the chains will then once 
more interlock with one another; for, although the chains are 
not in contact, their fields of foice will vary in a zig-zag manner 
like the chains themselves. Thus every head-group which has 
sufficient asymmetry and adhesional force to cause the molecule 
to tilt at all, will cause it to tilt to tliis angle at which the chains 
again interlock, and it would need considerably more force to 
cause it to tilt to the next stable state, i.e. in the plane AD 
(fig. p. 97), in which each chain would have moved relative to its 
neighbour by a distance of four carbon atoms (two whole zig-zags). 

Examples of molecules tilted two whole zig-zags of carbon 
atoms by very asymmetric heads, and thus presenting in the 
solid condensed film an area of 26* 1 sq, A. per molecule, are rare; 
Adam has shown that the long chain ureas give two types of 
stable and solid films in the high pressure less compressible form 
having areas at zero compression of 20*8 sq. A. and 26*3 sq. A. 
per molecule respectively (values obtained by extrapolation of 
Adam’s curves), the form having the larger area being stable 
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below a certain critical temperature. The areas obtained for these 
two forms agree well with those calculated, viz. 20*6 and 26- 1 
respectively for molecules tilted in the two interlocking positions. 
The two forms may be ascribed to the different asymmetries of 
the isomeric forms of the urea head-groups 

R— NH— CONH 2 and RN = 

It is possible that films of monomyristin and monopalmitin 
of areas 26*3 i 0-6 sq. A. which Adam describes as very viscous 
liquids and on which dust does not move very easily are in 
reality solids of weak rigidity. 

(b) The liquid condensed state. 

Films in the low pressure or liquid condensed state possess 
limiting areas which are dependent on the nature of the head- 
group and are regarded by Adam as possessing head-groups of 
different areas in contact with one another, whilst the less steep 
F, A curve obtained in this state is a measure of the compressi- 
bility of the head-group. We have noted however that the 
limiting area of palmitic acid is dependent on the acidity of the 
underlying solution. According to Adam’s view, the packing of 
the head-groups must thus vary with the Pjj of the solution. 
Langmuir (loc, cit.) attributed the increase in compressibility and 
area at low pressures on acid solutions to an increase in size of 
the head-group by adsorption of hydrogen ions from the under- 
ly in gr solution accompanied by an increase in mobility of the 
film, whilst Hartridge and Peters {Proc. Roy. Soc. A, ci. 348, 
1922) and later Egner and Hagg (Phil. Mag. iv. 667, 1927) 
suggested that the two forms of the film corresponded to the 
non-ionised and ionised states of the head-group. We may note 
however that these two forms of film are obtained with sub- 
stances for which a similar explanation is impossible. 

It is possible that the liquid condensed film is in a smectic 
state, the two-dimensional analogue of the liquid crystalline 
condition. The chains of the molecules are to be regarded as no 
longer rigidly interlocked, and the limiting tilt observed corre- 

7-2 
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spending to the limiting “head areas” of Adam results as the 
equilibrium position attained by the molecule under the directive 
forces of lateral adhesion of the chains and the directive at- 
traction of the head-group for the underlying liquid. 

These are given in the following table, the areas of the mole- 
cules in the liquid condensed state being : 


Head group 

Area per mole- 
cule in liquid 
condensed state 

A.2 

Angle between 
long axis and 
valency direction 
of polar head 

—COOH 

24-4 

137-5 

— NHj 

30-6 

127-0 

—OH 

21-0 

149-0 

— COOR 

220 

147-5 

— OCOCH3 

23-0 

144-0 


The angle which a terminal — CH 3 group makes with the long 
axis of the chain is, according to Muller (loc. cit.), from 129® to 
136°. Thus both the — COOH and — NH 2 groups present the 
features of a relatively symmetrical terminal group, the terminal 
— OH being, as is to be anticipated, most unsymmetrical. 

A change of state of a film may be produced by the forma- 
tion of suitable mixed films, Leathes {Zeit. f. Physiol. Chem. 
exxx. 113, 1923) noted that fatty acids on dilute hydrochloric 
acid under conditions where they would exist normally in the 
expanded state were converted into the condensed state on the 
addition of but small amounts of cholesterol which exists norm- 
ally in the condensed state. Adam and Jessop (Proc. Roy. Soc. 
A, GXX. 473, 1928) have examined this phenomenon in more detail 
and have found that not only can expanded films of an acid such 
as myristic acid be converted into condensed films by such 
addition, but they showed that the surface vapour pressure of 
various substances would be reduced by the addition of choles- 
terol, which possesses no sensible surface vapour pressure, to 
an extent almost identical with the depression calculated with 
the aid of Raoult’s law. A similar condensing effect was ob- 
served with other substances existing normally in the condensed 
state, such as tripalmitin and penta-erythritol tetrapalmitate. 
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5. Expanded Films. 

Labrouste was the first to notice that below a definite tempera- 
ture the area of a continuous film of oil remained constant, the 
area commencing to increase above this temperature until it 
becomes practically constant at a higher value. This change in 
area took place over a temperature range of about 1 8° C. This 
phenomenon has been investigated in detail by Adam, who has 
assigned the name of “expanded film” to the superficial phase 
in this state. 

Adam has measured the increase in area obtained on eleva- 
tion of the temperature under conditions of constant compression. 
A typical A, T curve under a pressure of 1-4 dynes per cm. is 
shown in the following diagram. 



It will be noted that the existence of a temperature range 
of expansion ca. 13° C. is confirmed, the temperature of half 
expansion being in this case 28*5° C., whilst the area of the 
expanded film at this F value is ca. 41 A.* Langmuir in his in- 
vestigations on the areas occupied by fatty acid molecules on the 
surface of water obtained an area of 46 A.® for oleic acid as com- 
pared with 21—26 A.2 for the saturated fatty acids, and imagined 
that the double bond in the unsaturated acid bent down to make 
contact with the water. In reality, as Adam showed, this is not 
the case, for oleic acid, at the temperatures at which Langmuir’s 
investigations were carried out, forms an expanded film in which 
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the area occupied is about twice that of the same acid in the 
condensed state. 

The expansion temperature ranges for a number of substances 
at 1*4 dynes per cm. compression have been obtained by Adam 
with the following results. 


Substance 

Temperature of 
half expansion 
°C. 

Approximate 
area of ex- 
panded him 
corrected to 

0° C. in A.2 

Palmitic acid ... 

28-5 

36-8 

Methyl palmitate 

27-5 

46 

Ethyl „ 

13 

55 

Propyl „ 

c 5 

76 

?*-Biityl „ 

< 5 

74 

w-Octyl ,, 

< 5 

76 

Ethyl stearate ... 

33 

45-4 

Tripalmitin 

48 

29-5 

Tristearin 

57 

29-9 

Cetyl alcohol ... 

49 

30-8 

Heptadecy lu rea 

55 

33 

Stearic amide ... 

58 

32-2 

Stearic nitrile ... 

26 

36-4 

Octadecylamine hydrochloride 

26-5 

46 

Stearic acid 

46 

36- 1 

Oleic acid 

< 0 

50-5 

Laurie acid 

< 0 

45- 1 

Tridecylic acid 

< 0 

42-5 

Myristic acid ... 

9 

40-6 

Pentadecylic acid 

19*5 

38-8 

Margaric acid ... 

37-5 

36-6 


It will be noted that the expansion temperature for an acid 
increases with the length of the hydrocarbon chain (about 8® C. 
per CH 2 ), there being no difference between the odd and even 
numbers of the series as exists in the melting points of the 
crystals, whilst there is a progressive decrease in the apparent 
expansion area at 1*4 dynes compression for the acids as the 
chain increases. 

Adam and Adam and Jessop (Zoc. ci^.) have likewise examined 
the jP, A curves for a substance such as myristic acid (tempera- 
ture of half expansion under 1*4 dynes per cm. 9° C.) over both the 
region of condensed and that of expanded film, A few of the 
isotherms obtained for myristic acid are given in the diagram. 
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The pressure at which expansion commences is defined by the 
temperature to which the film is exposed, and above a certain 
critical temperature it is probable that the existence of a con- 
densed film is impossible. 

In the expanded state the limiting areas are clearly not great 
enough for the molecules to be lying flat on the water surface, 
thus for stearic acid in this state the limiting area even under 
very low compressions does not exceed 50 A. whilst for a mole- 
cular length of 21 A. and cross-section of 5*2 A. a horizontal 
molecule would occupy at least 109 A. ^ of area. The molecules, 
if in the vaporous state, i.e. not in continuous contact with one 
another as originally suggested by Adam, cannot thus be lying 
down on the water, but must be inclined to the water surface 
with part of the hydrocarbon chain in the air. The assumption 
that expanded films are analogous to the three-dimensional 
liquid state rather than the vaporous has been advanced from 
several points of view. A film-forming material such as myristio 
in the expanded state does not expand rapidly and indefinitely 
(Cary and Rideal, Proc, Roy. Soc. A, cix. 301, 1925) as the area 
of water over which the film could spread is suddenly in- 
creased. There appears in fact to be a limiting area beyond which 
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“expansion” is relatively slow. From a study of the FAJF 
curves of expanded films (Schofield and Rideal, Proc. Roy. Soc. 
A, cx. 167, 1926), we may conclude that they behave as 
two-dimensional fluids above their critical pressures and thus 
as liquids. Langmuir {Third Colloid Symp. Monog. p. 48, 1925) 
likewise concludes that inclined molecules with part of the 
hydrocarbon chain in the air, a necessary feature of the vaporous 
state with these limiting areas, would be essentially unstable 
since the adhesion of the hydrocarbon — CHg-groups both for 
one another and for water is by no means negligible (see p. 70). 
Consequently the molecules must be always partly enmeshed 
with one another in a state analogous to a three-dimensional 
liquid. 

This suggestion as to the liquid nature of expanded films was 
finally confirmed by Adam and Jessop {Proc. Roy. Soc. A, cx. 
423, 1926), who with a sensitive apparatus effected the measure- 
ment of the true pressure of the “vapour” in equilibrium with 
expanded Rims. 

6. Vaporous Films. 

In previous sections we noted that the behaviour of short 
chain fatty acids on the surface of water was similar to that 
which might be anticipated for the properties of two-dimensional 
but very imperfect gases. Since the van der Waals’ adhesional 
term increases with the chain length, the transition at ordinary 
temperatures from the gaseous to the vaporous state, i.e. a 
lowering of the critical temperature, is easily effected by an 
increase in the chain length. We should anticipate that the 
conversion of the expanded liquid to vaporous films could be 
effected on sufficient decrease of pressure. Such vaporous films 
should evidently be even further removed from the perfect state 
where the Traube equation FA = RT = 1'372T (where F is 
measured in dynes, A in sq. A. per grm. molecule) might be 
obeyed, than the gaseous films previously described. 

Marcelin {Ann. de Phys. (4), x. 471, 1925) was the first to 
observe this fact and attempted to express the form of the F, A 
isotherm by the expression FA — xT, where x <. R. Delaplace 
{J. Phys. et Radium^ vi. 9. Ill, 1928) has likewise measured the 
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pressure area isothermal for surface solutions of benzoyl- 
benzoate from F = 0-10 to -F = 0*001 dyne per cm. and has also 
expressed his results by the relationship FA = xT, where x< R. 
The presence of such vaporous films on decrease of pressure is 
likewise readily observed at the critical pressure, where during 
the change of state from two-dimensional liquid to vapour and 
vice versa at constant temperature the two-dimensional pressure 
should remain constant. 

A few of the curves obtained by Adam and Jessop (loc. cit.) 
are shown below. 



1000 1500 2000 2500 3000 3500 4000 4500 

Areas per molecule sq. A. 


The critical phenomena for all the acids except lauric acid, 
which is above the critical point, are clearly marked in the 
diagram. 

The change in free energy F (A^ — Ag) as well as the latent 
heat of two-dimensional vaporisation from the two-dimensional 
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liquid expanded film may be determined from a knowledge of 
these critical data. 


Adam and Jessop consider that is about O’Ol dyne per cm. 

per degree. For these acids they give the following values at 
14-5® C. 


Acid 

Limiting 

area 

A.2 

Vapour 
pressure 
dynes 
per cm. 

Free 

energy 

change 

cals./grm. 

mol. 

Latent heat 
of change 
cals./grm. 
mol. 

Tridecylic acid 

650 

0-30 

220 

2000 

Myristic acid 

850 

0-19 

230 

3200 

Pentadecylic acid 

2400 

Oil 

360 

9500 

Palmitic acid 

— 

0 004 


— 


Whilst the accurate determination of these critical data for 
such low pressures is admittedly a difficult matter, it will be 
observed that the data for the latent heat of change give values 
which are by no means small. 

Guastalla {CM. clxxxix. 241, 1929) has obtained similar 
results for oleic acid. 

7. Factors influencing the transition of state. 

The transition of films from one state to another can as we 
have noted be effected by alteration in both temperature and 
pressure. We have already commented on the ready conversion 
of palmitic acid from the solid into the smectic state by decrease 
of pressure alone on feebly acid solutions, and on the transforma- 
tions noted by Labrouste and studied by Adam of myristic acid 
into the expanded state by elevation of the temperature. 

There is an almost exact parallelism between these two- 
dimensional changes of state for fatty acid films and those 
observed in the corresponding solid, liquid -crystal, liquid and 
vaporous states of bulk matter. We may note from the figure, 
a typical triple-point diagram, that the effect of change in 
pressure at a temperature T-^ causes sublimation and solidifica- 
tion ; at Ta the change proceeds through the phases solid, liquid- 
crystal, vapour; at solid, liquid-crystal, liquid, vapour; and at 
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merely the liquid vapour transition. The force/area curves 
obtained directly by experiment are in exact accord with these 



changes ; we can observe clearly the following succession of curves 
on raising the temperature, the type of phase being inserted in 
the diagrams. 



The form of the triple-point diagram for these two-dimensional 
equilibria is likewise similar to the P, T diagram given above for 
a three-dimensional system, since the film area successively 
diminishes as we p8iss through the sequence of phases, vapour, 
liquid, liquid-crystal, solid, whilst the exact slopes of the lines 
bounding the phases are readily calculated with the aid of 
the modified Clapeyron-Clausius equation. 
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That an alteration in the acidity of the substrate can effect 
the conversion of a film of a fatty acid from one state to another 
can be observed from the following data for pentadecylic acid. 



The Force/ Area Curves for Pentadecylic Acid. 


Temperature 

°C. 

Pu 

Area/molecule 
sq. A. 

Nature of film 

17 

10 

30-2 

Partially expanded 


2*2 

24-3 

Low pressure form condensed 


40 

21-8 

Condensed 


Water 

21-8 

- 

21 

10 

39-6 

Nearly completely expanded 


20 

37-5 

»' »» 


3-9 

22-0 

Condensed 


Water 

22-0 

»• 

27 

1-0 

51-5 

Completely expanded 


3-4 

41-6 

Nearly completely expanded 


5-5 

21-6 

Condensed 


Water 

21-6 

- 


It will be noted that as the solution is rendered more acid 
transition from the solid condensed through the liquid condensed 
to the expanded can be effected. A similar expansion can be 
obtained with a base such as heptadecylamine when placed upon 
strongly alkaline solution of ia-2. 
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This increase in tendency to expand as the adhesion of the 
polar group to the substrate is weakened by ionic adsorption 
below the film (see Chs. ii and vii) suggests that expansion is 
effected by a process of increasing the molecular tilt. A brief 
consideration of the structure of a terminal group such as 
— CH 2 OH on a hydrocarbon chain indicates that the polar 
— C — OH group cannot lie along the axis of the chain and con- 
sequently, if the — C — OH be immersed vertically in the solution 
for any definite film area, the hydrocarbon chain must be tilted. 
If we make the assumption that this condition is fulfilled in the 
crystalline or solid condensed state at zero pressure, the angles 
which the long axis of the chain makes with the direction of the 
effective polar head can readily be calculated. 


8 . The rigidity of Films. 


The force/area curves of the solid condensed state for the 
majority of film -forming materials are linear, an indication that 
the films obey Hooke’s law and may therefore be considered as 
elastic sheets. The rigidity of such films can be measured by 
observation of the displacement effected on a portion of the film 
on application of a stress. Mouquin and Rideal {Proc. Roy. Soc. 
A, cxiv. 690, 1921) effected such measurements by rotation of a 
disc below such a film, thus exerting a drag on the film through 
the intermediary of the viscosity of the water. The displacements 
of portions of the film were measured by observing small dust 
particles on the surface of the film through a microscope, and 
proof that the elastic limits of the film were not exceeded was 
found in that when the rotation of the disc was stopped the 
particle under observation sprang back to its initial position. 

If the displacement of the particle be 8 at a distance r from 
the axis for an angular rotation velocity of Q, when the disc of 
radius a is immersed to a depth h in water of viscosity 77 , then 


S- 


Q.7J 

Sjih 


(r® — a^r). 


where is the coefficient of rigidity. 

From 15° C. to approximately 30° C. the rigidity of the films 
of these two acids is almost independent of the temperature, that 
of palmitic acid falling uniformly from 30° C. to very low values 


(ca. 5 dynes per cm.) at 40° C. 
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The following values were obtained; 


Palmitic acid 
t; = 0*0101 a = 5*0 cm. 

Stearic acid 

7] =» 0*0101 a = 6*0 cm. 

2ir 





27r 

* 




IT 

h cm. 

r cm. 

S cm. 

dynes/ 

n 

h cm. 

r cm. 

S cm. 

dynes/ 

secs. 




cm. 

secs. 




cm. 

12 

0*12 

4 

0*02 

9*76 

16 

0*16 

4 

0*011 

10*7 

8 

0*12 

4 

0*032 

9*7 

20 

0*16 

4 

0*009 

10*3 

6 

012 

4 

0*041 

9*6 

11 

0*20 

4 

0*012 

10*4 

11 

010 

3*5 

0*042 

8*0 

16 

0*20 

4 

0*009 

10*0 

16 

0*10 

3*5 

0*023 

10*0 







Taking the thickness of the film in adhesion as 20 A. for 
palmitic acid and 21 A. for stearic acid, we obtain 4*9 . 10’ dynes 
per cm. 2 for the rigidity of the films comparable to the value of 
1*6 . 10’ dynes per cm.^ obtained for rubber. 

The compressibility of films in the solid condensed state is 
very similar to that for the material in bulk ; thus Adam obtained 
a one per cent, decrease in area for films of aromatic substances 
for a pressure increase of 5*8 dynes per cm. If the thickness of 
the film is 6 A., the equivalent pressure is 97 . 10® dynes per cm. 
whilst for liquid benzene a volume decrease of one per cent, is 
found with a pressure increase of 113 . 10® dynes per cm. 

9. The collapse of Films. 

We shall have occasion to note that the conditions of equi- 
librium of a film with a lens are defined by the “equilibrium film 
pressure ” which, whilst rising to quite large values of fatty acids 
on alkaline substrates, may be very small on acid solutions. 
Films artificially prepared by spreading with the aid of a volatile 
solvent will necessarily be unstable if the pressure applied in the 
troughs exceeds tliis equilibrium spreading pressure. Thus on 
weak acid solutions the films will be relatively unstable to 
compression as noted by Langmuir and Adam. 

The effect of the collapse of a film by pressure is to make the 
surface visible by local thickening where the groups of the mole- 
cules have been ejected under the strain. The ejected molecules 
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appear to behave as small nuclei for crystallisation. Since, in 
general, a clean film can be compressed to pressures exceeding 
the crystal equilibrium pressure, thus giving rise to conditions 
of metastability, it is a difficult matter to obtain the exact value 
of the film pressure when in equilibrium with the ejected nuclei 
of a collapsed film. Lyons (Zoc. cit.) has obtained the following 
values for palmitic acid at 21° C. 


Solution 

Pn 

Collapsed 
film equi- 
librium 
pressure 
dynes p(‘r 
cm. 

State of film 
at this pressure 

Hydrochloric acid 

1-4 i 

110 

Liquid 


(31 

100 

,, 

Citrate phosphate buffer 

-14*8 

120 

,, 


<6-7 

16-3 

Solid 


On the more acid solutions these equilibrium pressures are 
below the pressure at the intersection of the two force/area 
curves for the acid, and therefore the transition may be repre- 
sented, following Langmuir, by the equilibrium 

Liquid unimolecular film solid multimolecular nuclei. 

Owing to the effect of hysteresis the film pressure may rise 
above the solidification value before rupture occurs, but it 
always liquefies as the pressure falls to the equilibrium value. 

On the more alkaline solutions the film when in equilibrium 
with the collapsed film is definitely solid. 

These equilibrium pressures, probably owing to the distorted 
structure of the nuclei, are much larger than the equilibrium 
pressures between macrocrystals of palmitic acid and the uni- 
molecular film under identical conditions (see p. 120). 

10. The dissolution of Films. 

It was noted by Adam (Proc, Roy, Soc, A, xcix. 336, 1919) 
that condensed films of palmitic acid showed a small slow 
decrease in area on a solution at Pjj 8*5, whilst on the more 
alkaline solution of 10*0 this decrease in area took place so 
rapidly that he could obtain no force/area curves. The rate of 
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solution of films of palmitic acid in buffer solutions of various 
alkalinities has been investigated by Lyons and Rideal (Proc, 
Roy. Soc. A, cxxiv. 344, 1929), who found that the rate of solu- 
tion was appreciably enhanced by increasing alkalinity and the 
temperature and that it was slightly increased by increasing the 
pressure. 

It was found that between 8*5 and 13*0 complete solution 
of the film does not occur, but that a residual insoluble film of 
approximately half the original area is left. On fresh buffer 
solutions in the absence of any dissolved soap the solution 
process is autocatalytic. 

A few of the values for the maxima of the rates of solution are 
given in the following table : 


Ph 

Pressure 
dynes per cm. 

Temperature 

^C. 

Maximum rate of 
decrease in area (% of 
initial area per minute) 

9-2 

7-5 

18 

7-8 

9-2 

15-0 

18 

8-7 

9-2 

7-5 

28 

8-7 

9-5 

7-5 

18 

8-1 

9-8 

7-6 

28 

100 

9-8 

150 

28 

17*9 

10-3 

7-5 

18 

I 

11-6 


It is probable that solution of the film proceeds at various 
places in the film surface, and the molecules entering the under- 
lying solution protect the residual film from solution. This 
residual film may therefore be regarded as a double film of 
orientated molecules of palmitic acid and sodium palmitate with 
their polar heads orientated together in such a way that inert 
hydrocarbon chains are exposed both to the air-surface and to 
the underlying solution, thus forming a half immersed elementary 
bimolecular leaflet which is the structural unit of soap films {vide 
infra). 

The pressure of a imimolecular and a bimolecular film of 
palmitic acid formed in this manner in equilibrium with a 
crystal of the acid are widely different and a few values are given 
in the following table : 
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Temperature 
21° C. 

Ph 

Equilibrium pressure in 
dynes per cm. 

Unimolecular 

film 

Bimolecular 

film 

8-2 

11-6 

4-8 

8-8 

131 

3-6 

9-4 

14-5 

3-6 

9-5 

14-7 

3-6 

11-4 

18-3 

3-0 


The change in equilibrium pressure with the temperature over 
the range 9-4 to Pjj 11-4 was found to be almost constant 
and equal to 0*44 dyne per cm. per °C. Inserting this value 
and placing = ^9*3 A. in the Clapeyron equation, we obtain 
1,870 calories per grm. mol as the latent heat of spreading for 
such a film. 

11. Complex and colloidal films. 

The films to which we have devoted our attention in the 
previous sections are essentially unimolecular, and as we have 
noted may be regarded as the two-dimensional analogues of the 
solid, smectic, liquid and vaporous states of three-dimensional 
matter. On compression of such, fracture takes place and small 
nuclei are ejected from the film. Fatty acids spread by means 
of a solvent on an alkaline substrate we have noted undergo 
partial solution with the eventual formation of a bimolecular 
film. If the fatty acid be dissolved in caustic soda, i.e. in the 
form of a colloidal solution, and is then spread on acid solutions, 
Gorter and Grendel (Proc. Kon, Akad, Amst. xxix. 9, 1926) 
have noted that the limiting areas are much smaller than corre- 
spond to a imimolecular film, and further observed that in some 
cases the films formed in such a manner were not always visibly 
homogeneous but appeared to possess colloidal aggregates on 
their surface. Whilst Gorter and Grendel’s picture of these aggre- 
gates as containing polar groups orientated to their outer sur- 
faces is not in agreement with the views we have previously 
expressed, yet we may certainly regard these films as composite, 
being in part at least multimolecular, and formed as a result of the 
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unimolecular spreading incorporating portions of micelle in the 
resulting film. Such films are of course not necessarily stable 
(see p. 110). It is interesting to observe that the minimum area 
obtained by them was occasionally only one -third of the corre- 
sponding area for a unimolecular film. This value leads one 
to suspect that relatively thick films or at least layers of acid 
soap may be built up on aqueous surfaces in this manner. We 
shall have occasion to note in the case of soap bubbles that there 
is evidence for the existence of definite laminae. 

The unimolecular character of these films is dependent on the 
adhesion of the polar group for the substrate, the magnitude of 
which can be measured by means of the spreading coefficient. 
If we examine the behaviour on compression of substances pos- 
sessing small adhesions, i.e. materials with but feebly polar 
groups, we might anticipate that the films of these materials 
would be very fragile and that on compression very thick 
multimolecular aggregates in the film might be formed. This 
point has been examined by Harkins (cf. Harkins and Morgan, 
Proc. Nat. Acad. Sci. xi. 637, 1925), who states that a number of 
materials of small adhesions on compression are converted into 
thick multimolecular films before collapse occurs. A few of his 
values are incorporated in the following table. 


Substance 

At zero compression 

At collapse 

Area 

Thickness 

Area 

Thickness 

Hexachlor benzene 

5-2 

450 

0-95 

248-0 

a-brom. naphthalene 

1*5 

187-0 

0-6 

405 

Phenanthrene 

5-6 

47-0 

2-0 

120-0 

Triphenyl methyl cyanide 

6-2 

70-0 

5-0 

120-0 


According to Harkins such substances as phenanthrene ex- 
hibit but a small area when spread, the thickness being of the 
order of some five molecules which increases to more than ten 
on compression before collapse occurs. 

No tests for uniformity of the film were made, and since films 
of dibromanthracene can be made visible by strong illumination 
almost parallel with the surface, these “multimolecular** films 
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may actually possess a crystalline structure and consist in general 
of unimolecular films containing embedded crystals or micelles, 
as observed by Gorter and Grendel in the case of soap films. 

We may conclude that apart from a bimolecular leaflet in 
certain soap solutions the evidence for the formation of uniform 
multimolecular films is not very conclusive. 

In these films the molecular weight of the material forming 
the film is small and in consequence the disintegration of such 
films results in molecular dispersion. Substances as varied as iso- 
prene, amino acids, cellulose acetate and nitrate can exist in highly 
polymerised states ; thus simple rubbers may be regarded with 
Staudinger as consisting of chains or ribbons of isoprene mole- 
cules, cellulose nitrate or acetate of linked units of derivatives 
(C gHjoOs). Attempts have been made to spread such substances 
both on water and on the surface of liquid mercury with the aid 
of suitable solvents. 

Relatively thin membranes of collodion can be obtained by 
spreading on mercury from ether-alcohol mixtures (Walcott, 
Ann, de Phys. lxviti. 496, 1899; Dewhurst, Proc. Phys, Soc. 
XXXIX. 39, 1926) or on water from amyl acetate (Barton and 
Hunt, Nature, cxiv. 301, 1924). Taylor has obtained celluloid 
films from 30 to 700 A. thick on mercury {J , Sci. Inst. iii. 400, 
1926), whilst Keenan {J.P.C. xxxm. 371, 1929) has made a very 
complete investigation of the films of a number of these poly- 
merised materials. The majority of them when spread from a 
suitable solvent in a dilution of ca. 1 in 1600 on mercury form 
a solid film of irregular outline, the area and consequently the 
thickness being readily determined. He found that the area was 
dependent on the viscosity of the solution; a few of the values 
obtained are given below. 

Filins of various types of cellulose nitrate in acetone. 


Viscosity 

seconds 

Area 

A.2 

Thickness 

A. 

3025-0 

296 

2-80 

0-2 

168 

600 

7760 

202 

3-97 

13-5 

186 

4*55 

21 

170 

4-88 


8-2 
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The thickness of the elementary ribbon or band of the cellulose 
is thus from 2*8 to 4-5 A. In a similar manner the thinnest band 
of rubber was found to be 1-5 A. Of isoelectric gelatine at Ph 4*8 
a thickness of 7*5 A. was found in agreement with the data of 
Gorter and Grendel (see p. 118). 

Devaux has likewise examined the spreading of sugars, starch 
and albumin on mercury. 

Saponin films are also relatively thick and possess the charac- 
teristic of a skin rather than of a film. 

Protein films. 

Gorter and Grendel (Proc. Kon. Akad. Amsterdam, xxix. 1, 
1926; Biochem. Zeit. cci. 391, 1928) have made a very extensive 
series of measurements on the spreading of fats and proteins on 
solutions of different alkalinities, and have measured the ap- 
parent limiting areas as well as the compressibilities for a number 
of such substances. The proteins were dissolved in caustic soda 
and spread on the water adjusted to a suitable Pjj . As we noted 
in the case of the soaps, this method is liable to give somewhat 
unsatisfactory results owing to the fact that the liquid to be 
spread contains the solute in a colloidal state, and whilst uni- 
molecular spreading always occurs small particles of colloidal 
micelle may be dragged out into the film by the spreading 
unimolecular layer. The final film is thus composite, consisting 
of unimolecular layer and micelle or nuclei, and it is certain that 
these two portions of the film cannot be in true equilibrium with 
one another over a range of pressures ; inferences as to the thick- 
ness of the film from the spreading areas are clearly misleading. 
In spite of these objections however, Gorter and Grendel have 
obtained several interesting results. In the first place, over a 
considerable range of Ph the compressibilities are similar to 
those of the expanded films of fatty acids, and the protein films 
may thus be regarded as liquid in character. 

Whilst the ratio of area to thickness may be obtained by direct 
measurement on assumption of uniformity of film, the actual 
molecular dimensions can only be obtained with the aid of a 
knowledge of the molecular weight and density of the protein. 
Three of their typical curves for the limiting areas on solutions 
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of different P^, together with the assumed molecular weights 
and densities, are giv’en below. 



Fig. 1. Haemoglobin on HCl 
Mol wt. = 16,000 A = 1*276 



Fig. 2. Plasma albumin on HOI 
Mol wt. = 34,000 A= 1*276 



Fig. 3. Casein on Pfl 2 to 13. Temperature 16® C. 
Mol wt. = 34.000 A = 1*275 


Thickness 
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It will be noted that the proteins exhibit maximum areas of 
spread close to or coincident with their isoelectric points, whilst 
casein reveals two minima on each side of this point. As ob- 
served in the case of the simple fatty acids, the tendency to 
spread and to expand is increased as the adhesion of the polar 
groups for the underlying liquid is decreased ; for such ampho- 
teric substances this adhesion is a minimum at the isoelectric 
point, and the spreading tendency will thus be great. The minima 
in the spreading areas on each side of the isoelectric point are 
probably the points at which the maximum ionisation of the 
+ / 

two salts PH and POH of the protein in the surface film occurs. 
As the ionisation is repressed, the surface adhesion is again 
lowered and the spreading tendency again increases. 

The very large changes in areas observed with the proteins 
are remarkable ; it appears possible that at the isoelectric point 
the protein molecules are spread in the form of flat plates in a 
imifprm unimolecular layer of a thickness of only 7-8 A. We can- 
not however assume with any degree of certainty that the films 
with smaller areas than those obtaining at the isoelectric points 
are homogeneous, and that the apparent contraction involves 
either a formation of multimolecular aggregates of the form 
observed in the soap films or alternatively a reorientation of 
the flat discs in an inclined or even vertical position, involving 
actual removal of some of the — ^CO — ^NH-groups from the water 
surface. 

Soap films. 

The analysis of soap foam by Miss Laing (Proc. Roy. Soc. A, 
Oix. 28, 1925) shows that both acid and soap are present, the 
acid soap NaPHP possessing a greater stability than a soap of 
any other composition (cf. McBain and his co-workers, J.C.S. 
CXXXI. 2679, 1927 ; cxxxm. 2166, 1928 ; Ekwall, Acta Acad. Abo. 
Math. Phys. vi. 3, 1927; Harkins, J.A.G.S, XLVii. 1854, 1925). 
The best methods of formation and many of the interesting 
properties of soap bubbles have been described by A. Lawrence 
(Soap Films, Bell and Co. 1928). 

We have noted that the adhesion of the polar groups to water 
and to one another is much greater than the weak adhesion of 
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hydrocarbon chains either to water or to one another. It is thus 
reasonable to assume, an anticipation verified by Perrin i^Ann, 
de Phys. x. 160, 1918) and Wells (ibid. xvi. 69, 1921), that soap 
films may be made up of composite surfaces each of which con- 
sists of two layers of orientated molecules of soap, the outer 
surface of each side consisting of hydrocarbon chains and the 
polar groups held together with water as a sandwich between the 
orientated hydrocarbon chains. These elementary leaflets which 
will possess but little adhesion for one another may be built up 
to form thick films similar in structure to the crystalline fatty 
acids examined by Muller (see p. 96). The leaflets may slip over 
one another with great ease, thus providing the play of inter- 
ference colours noticed in soap films. The elementary leaflet has 
in fact been shown by Perrin and others to be two molecules in 
thickness. 


12. The permeability of bubbles and films. 


The permeability of soap films has been examined in detail by 
Dewar, who showed {P.R.I, xxii. 193, 1917) that the rate of 
penetration varied with both the film thickness and the excess 
pressure in the bubble. A few of the values obtained for hydro- 
gen are cited overleaf. 

Bubbles which are made of glycerine and soap adsorb water 
when placed over a vessel containing water. The bubble thickens 
and eventually drops fall off. When the soap glycerine content 
of the bubble is reduced to 1 or 2 % by this process of drain- 
age, drop formation ceases, the bubble becomes thin and black, 
and if maintained in a uniform temperature enclosure may 
be preserved for considerable periods. The rate of condensation 
of the water per sq. cm. of bubble surface is found to be inversely 
proportional to the age of the bubble and to obey the equation 


dx 

dt 


^ = 0-705, 


where x = milligrammes condensed per sq. cm. and t is the time 
in days. 

During this period the concentration of soap and glycerine in 
the bubble becomes progressively weaker, thus the rate of con- 
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densation is proportional to the concentration of the solutes in 
the soap film. 

Black bubble. 


Diameter cm. 

4 

6 

8 

10 

Gas transfer in c.c. per sq. cm. per diem 

•22 

•14 

•10 

•053 

Internal pressure mm. ... 

•4.5 

•30 

•23 

•18 


Golden yellow bubble. 


Diameter cm. 

4 

6 

8 

Gas transfer in c.c. per sq. cm. per diem 

•28.5 

•103 

•050 

Internal pressure mm. ... 

•56 

•103 

•050 


The rate of passage of substances or evaporation through films 
of different materials has not been subjected to any exhaustive 
investigation. 

Rideal {J,P.C, xxix. 1585, 1926) studied the rate of distilla- 
tion of water from one arm to another of a partially evacuated 
U-tube and determined the difference in rate on placing a film 
upon the surface of the water. The rate was found to be approxi- 
mately inversely proportional to the surface film pressure. 
I and D. Langmuir {J,P,C. xxxi, 1719, 1927) determined from 
the rates of loss of weight of shallow troughs in air currents at 
different speeds the effects of films on the rate of evaporation 
of water and of ether. 

If we define by R the resistance to evaporation as the differ- 
ence between the reciprocals of the loss of weight per sq. cm. of 
film and water per second, we obtain from Rideal and Langmuir’s 
data the following values. 


Surface film 

li evaporation in vacuo 

Ratio of increase 
of resistance 

25“ 

36“ 

None 

2-96 

1-70 

1 

1 

Stearic acid 

3030 

1650 

102 

97 

Laurie acid 

5730 

2920 

193 

172 

Oleic acid 

8630 

6170 

288 

362 
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Evaporation in air | 

Surface 

With no wind 
cm.2 sec. grm.“^ 
R 

With wind of 
178 cm./aec. 

R 

No film 

Cetyl alcohol 

430,000 

520,<XM) 

08,000 

128,000 


It will be noted that cetyl alcohol, a particularly tenacious 
film, afiects markedly the rate of evaporation of water, being in 
fact some seventy times as effective as oleic acid. 

After insertion of ether into the water below the film, the rate 
of evaporation of ether from aqueous ether was determined by 
the rate of loss of weight of the troughs. 

Langmuir’s values are given in the following table : 


Surface film 

Tempera- 
ture ® C. 

Ji X 10“-^ for ether 

Wind velocity cms. per sec. 

V = 0 

V = 61 

r - 152 

No film 

22- 1 

50 

2-1 

1-9 

Oleic acid 

27-5 

.36-0 

320 

32*0 

Cetyl palmitate 

22-5 

320 

330 

300 

Stearic acid ... 

220 

290 

330 

27-0 

Cetyl alcohol . . . 

24-5 

1 420 

40*0 

.320 


The effect of the film is to decrease the rate of evaporation of 
the ether in the ratio 7 : 1 without a wind and 17:1 with a wind 
of 152 cm. sec.“^. 

A few experiments with gaseous films such as caprylic and 
butyric acids gave somewhat inconclusive results by this method, 
but Bell (J.P.C. xxxm. 99, 1929) has shown that the rate of 
evasion of chlorine from solutions in carbon tetrachloride is 
greatly affected by the presence of capillary active trichloracetic 
acid. The actual rate of evasion measured was only 1 % of the 
theoretical maximum rate, this being a limitation imposed by 
diffusion, but a reduction of 15 % in the observed rate was 
obtained in the presence of 1*4 % of trichloracetic acid (further 
additions causing no more diminution). Surface tension mea- 
surements by the drop-weight method revealed that was 

attained between 1 and 1-6 % of the acid, in good agreement with 
the value of 1-4 % determined by the evasion method. 





CHAPTER IV 


LIQUID-LIQUID INTERFACES 

1. Introduction. 

There exists as we have noted a separate phase at the interface 
between a liquid and a gas. The magnitude of the vapour-liquid 
interfacial energy is markedly dependent on the composition of 
the liquid, and although experimental data are somewhat scanty 
the surface energy is also affected by the nature of the gas in 
contact with it. It is to be anticipated that at the interface be- 
tween two immiscible liquids a similar new interfacial phase will 
come into existence possessing a definite surface energy depen- 
dent on the composition of the two homogeneous liquid phases. 

The study of the interfacial liquid-liquid phase however is 
complicated by several factors, of which the chief is the mutual 
solubility of the liquids. No two liquids are completely im- 
miscible even in such extreme cases as water and mercury or 
water and petroleum; the interfacial energy between two pure 
liquids will thus be affected by such inter-solution of the two 
homogeneous phases. In cases of complete intersolubility there 
is evidently no boundary interface and consequently no inter- 
facial energy. On addition of a solute to one of the liquids a 
partition of the solute between all three phases, the two liquids 
and the interfacial phase, takes place. Thus we obtain an 
apparent interfacial concentration of the added solute. The 
most varied possibilities, such as positive or negative adsorption 
from both liquids or positive adsorption from one and negative 
adsorption from the other, are evidently open to us. In spite 
of the complexity of such systems it is necessary that informa- 
tion on such points should be available, since one of the most 
important colloidal systems, the emulsions, consisting of liquids 
dispersed in liquids, owe their properties and peculiarities to an 
extended interfacial phase of this character. 

2. On the conditions limiting spreading. 

If a drop of oil be placed upon the surface of a liquid in which 
it is not soluble, there exists at the moment of contact an 
unstable system in which three surface forces are operative at 
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three interfaces. We will define by o-ga the two liquid 
vapour and by a^2 the hquid liquid interfacial tensions. If 



^23 + o’i2 = ^^135 it is evident that the system will be in equilibrium 
as no decrease in free energy of the system can take place by 
spreading or contraction of the drop. 

On the other hand if o-ga + o-jg > errs* ^ decrease in free energy 
of the drop can take place on contraction of the drop to expose 
a greater liquid vapour interface for the second liquid. The 
edges of the drop then contract and the flattened drop of liquid 
tends to become more spherical and assumes the shape of a lens 
forming a re-entrant angle with the liquid. If the lens be large, 
we note (see Bancroft and Tucker, J.P.C. xxxi. 1681 , 1927 ) its 
shape wiU be determined by the relative magnitudes of orjg and 
<723 1 thus if <723 > ^12 the drop will be pushed down into the 
substrate, and if <712 > <^23 the drop will tend to stand up. A lens 
must possess a definite thickness. Thus if a thick layer of ben- 
zene be placed upon a water surface and allowed to evaporate, 
when it gets below a critical thickness it will, if contained in 
a small beaker, be in a state of slight tension. On forming a small 
hole in the layer it will break up into a number of small and 
stable lenses which can be made to coalesce if evaporation be 
prevented. This phenomenon of the rupture of an insoluble 
thick layer with the formation of small drops or lenses in 
equilibrium with a unimolecular film can frequently be observed 
with liquids as varied as water and paraffin, especially on metals 
(see Blodgett, P.R.S. A, lxxxv. 30 , 1911 ; Hardy, ibid. A, lxxxvi. 
612 , 1912 ; Rayleigh, Scientific Papers, iii. 424 , 1902 ). 

On the other hand if <723 + <712 < spreading of the lens will 
cause a diminution in the free surface energy of the system, 
and a number of interesting cases are presented which we shall 
have occasion to discuss. 

3. The spreading coefficient. 

The decrease in free energy taking place when the oil spreads 
over an area of 1 sq. cm. is evidently — (<723 + <712) and may 
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be taken as a measure of the tendency of the oil to spread, 
a point first noted by Sir W. B. Hardy, and to the value of 
which the name ‘‘spreading coefficient” has been applied by 
Harkins. 

In the following table are given a few values for water as 
substrate, chiefly from the data of Harkins, of the spreading 
coefficient for a number of liquids which spread, and for liquids 
which do not spread but form lenses; in this latter case the 
value of cTja — (^23 + cTig) is evidently negative. 


Spreading liquids at 20 ° C. 

Lens forming liquids at 20° C. 

Liquid 

Spreading 

Liquid 

Spreading 

coefficient 

coefficient 

Octane 

0*22 

Carbon tetrachloride 

Very small 

Nitrobenzene 

3-76 

jo-bromtoluene 

-1-29(30°) 

Benzene 

8-94 

Ethylene dibromide 

- 3-19 

Chloroform 

130 

Carbon disulphide . . . 

- 6-94 

Ethyl bromide 

17-9 

Bromoform. . . 

- 9-58 

Oleic acid ... 

24-62 

Liquid petroleum . . . 

- 13-64 

Undecylic acid 

32-04 

Acetylene tetra- 


Dimethyl ketone ... 

42-37 

bromide ... 

- 15-64 

Acetic acid ... 

Ethyl alcohol 

45-20 

50-40 

Methylene iodide ... 

- 26-46 


If the liquid forming the drop be volatile, evaporation may 
take place followed by condensation of the vapour on the 
liquid supporting the drop; in this way non-spreading liquids, 
e.g. carbon disulphide, may spread through the vapour phase 
on water. 

4 . On the mechanism of spreading and conditions of equi- 
librium. 

We have noted that the conditions for spreading are deter- 
mined by the values of the respective surface tensions such that 

<^28 ”1“ 0*12 C’13. 

If a lens of a pure liquid of low surface energy (7,3 be placed upon 
the surface of another of high surface energy 0-13 , the value of <712 
oharacteristic of the interface is attained with extreme rapidity 
and as a result the drop is flattened. If a continuous supply of 
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liquid be provided to the lens with sufficient rapidity it will 
continue to spread as a thick layer, forming the composite film 
of Gibbs or the secondary layer of Hardy. The total surface 
energy of this system is evidently crgg + o-ia . Occasionally, due 
to chemical action or to the diffusion of capillary active sub- 
stances to the interface, the value of orja sinks but slowly and as 
a result the lens originally forming a re-entrant angle may change 
its shape with time and may eventually spread. If the quantity 
of liquid forming the lens be restricted, a unimolecular film is 
formed by surface solution from the edge of the lens. If the 
liquid forming the lens be composed of two hquids each pos- 
sessing markedly different values for 0-23 and o-jg, the surface 
solution of the most capillary active form is frequently accom- 
panied by spreading of relatively thick portions of lens which 
spread out as sheets (cf. colloidal spreading, p. 114), and these 
eventually break up to form small lenses floating in equilibrium 
with a unimolecular layer, e.g. a mixture of a hydrocarbon 
oil and oleic acid on water. 

The exact mechanism of unimolecular spreading from the 
edge of the lens is not clear, but in all cases where + ori 2 < 
it is probable that the lens is stretched and thus flattened ; this 
flattening of the lens is but the forerunner to surface solution 
which occurs most rapidly at the air-hquid interface to form a 
unimolecular layer. The system attains equihbrium when the 
rate of surface solution is exactly balanced by the rate of re- 
condensation from the surface film ; the surface tension of the 
hquid covered with the unimolecular film thus attains a finite 
lens equilibrium pressure characteristic of the lens and liquid 
at that temperature. 

The conditions of equilibrium are given by (see p. 126) 
cTg cos a = 0-23. cos y + cos p. 

Since cr^ < (jig, the lens must gradually contract as surface 
solution proceeds, until the conditions for equilibrium obtain. 

The angles of lenses of one liquid floating on another have 
been studied by Quincke {Phil. Mag. iv. 41, 464, 1871), by Hardy 
{P.R.8. A, Lxxxvi. 610, 1912), and by Coghill and Anderson 
{Bureau of Mines Tech. Paper, 262, 1924), who calculated the 
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angles from the thickness of the lenses and their depressions 
formed in the \mderl 3 dng liquid on the assumption that Neu- 
mann’s condition of equilibrium, viz. equilibrium conditioned 
by the operaiioii of surface forces, alone was valid. 

The forms of various lenses examined by I<yons are depicted 
in the following diagrams. It will be observed that in the 
case of oleic acid the shape and submergence of the lens is very 
sensitive to changes in aja effected by changing the of the 
solution. As the imderlying solution becomes more alkahne the 

Oleic Acid 

, Ph1*8 Ph5*9 




Ph6-9 Ph9-7 



Paraffin Water on 

ON Water Paraffin 



lens sinks deeper into it, the lower surface of the lens becomes 
more convex and the value of p rises steadily. This is in accord- 
ance with the simple theory of equilibrium based on the 
equations sin a — o-ja sin p -f- cxas sin y = 0, 

(7i 3 cos a — (Tia cos P — (Tag cos y = 0, 

ffi2 + <ti3 = igpi (K + A*, 

where are the surface tensions of the liquids, pj, their 
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densities, and , ^2 heights of the upper and lower surfaces 
of the lens. 

As cTia diminishes the lens must gradually sink, the surface with 
the lowest surface tension being developed. Also p must increase 
so that <ti 2 sin p may still balance the vertical component of , 
and it must become re-entrant if the horizontal component of 
is less than that of cr 23 • 

The changes of shape observed are in agreement with these 
predictions. From the data given in the following table it will 
be seen that the conditions imposed by Neumann are by no 


means valid. 

Liquid 

Lens 

sin y 

dynes/cm. 

aja sin p 
dynes/cm. 

Sin CL 

dynes/cm. 

Sa sin a 
dynes/cm. 

HClPn 1*8 

Oleic acid 

7-4 

- 7-5 

1-5 

1-4 

Phosphate j 5*9 

,, 

7-3 

- 9-8 

0-0 

- 2-5 

buffer |6‘9 

Water 

40 

~ 9-6 

00 

- 5-6 


40-8 

- 35-9 

2-7 

7-6 

CCI4 

,, 

34-3 

- 44-4 

- 50 

- 151 

Paraffin 


21-5 

- 40-7 

31 

~ 16-4 

Water 

Paraffin 

9-3 

- 12-3 

1-5 

- 0-5 


The difference between the weight of the lens and the upward 
thrust of the displaced liquid is balanced by the surface tension 
of the supporting liquid acting around the edge. This factor 
determines the value of the angle a, and it is seen that this angle 
depends on the degree of submergence. The effect of these 
factors and of the internal pressxire due to the curvature on the 
other angles presents a more complex problem. On the assump- 
tion that the lens surfaces are spherical segments the following 
equation may be deduced : 

(<T 23 cos y -f 0-12 cos P — <Ti 3 cos a) 

“ 9 P 2 “ ^iP\ ~ ^ Pt) ~ "3 ~ 

where i? is the radius of the lens, , 7*2 the radii of curvature. 

In this equation the first set of terms represents the effect 
of the surface tension forces and the second that of the gravity 
and hydrostatic forces. The internal pressure forces are balanced 
for spherical segments. 
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A few of the data obtained by Lyons are tabulated below. 


Liquid 

Lens 

B 

mm. 

h 

mm. 

ri 

mm. 

hz 

mm. 

rz 

mm. 

2<7 008 0 

.-S 

HCl P„ 

1*8 

Oleic acid 

2-30 

0-32 

8*1 

0-60 

6-36 

1-4 

0-8 

Phosphate 

buffer 

5-9 

99 

1-95 

0-24 

8*7 

107 

2-5 

- 2*9 

- 2-4 

6-9 

99 

Ml 

010 

14 * 1 

1-37 

1*5 

- 3-8 

- 3*9 

6-9 

99 

1-7 

010 

121 

1-83 

2-1 

- 3-8 

- 3-6 

Water 


Paraffin 

1-75 

0*40 

4-75 

0-28 

8-3 

- 3-5 

- 3-7 

»> 


C2H4Br2 

100 

0-41 

6-8 

Ml 

1-7 

- 11-6 

- 8-0 


A comparison between the values obtained in the final columns 
augment those noted in the previous table for So- sin a, in con- 
firming the view that the forces already discussed exert a marked 
effect on the angles of a lens in equihbrium. 

The lowering of the surface tension can be termed “the 

lens equilibrium film pressure ” and a number of values have been 
determined not only for lenses of hquid oils but also for crystals 
of fatty acids by Cary and Rideal {P,E.S. A, cix. 318, 1928). 
The wetting angles for solid crystals (Adam and Jessop, J.C.S. 
cxxvii. 1863, 1925) are not readily determined, since the 
adhesion of the water to the crystal surface varies with the 
nature of the surface, either a hydrocarbon or a polar head 
being presented as the planes are varied. The wetting angle for 
wax was found to be ca. 105° and for a plane with polar heads 
present from 20 to 50°. 

In the table on p. 129 are given a few equilibrium pressures 
for sohd materials on a water surface at the melting point 
determined by the ring method. 

5. The heats of transformation of surface phases. 

Either a liquid lens or a sohd crystal of a spreading but 
insoluble and non-volatile substance when placed upon the 
surface of water will continue to spread, in the form of a uni- 
molecular film, until at any definite temperature the surface 
tension of the water falls to a characteristic value for the 
substance ; the lowering of the surface tension thus produced, 
^^18 — cr^ = may be regarded as a measure of the surface 
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solubility of the solid or liquid under investigation (similar to 
the osmotic pressure in the case of bulk solution). The surface 
phase may however be either gaseous, solid, liquid or expanded, 
and the equilibrium pressure will likewise vary if the bulk phase 


Substance 

Melting 

point 

°K. 

Equilibrium 
film pressure in 
dynes per cm. 

F = ^11 — ot 

for solid crystal 

in dynes per cm. 
per ° C. 

Undecylic acid 

298 

38-2 

0-588 

Laurie acid 

318 

36-1 

0-548 

Myristio acid 

327 

30-7 

0-568 

Pentadecylic acid 

325 

32-6 

0-552 

Palmitic acid 

336 

32-1 

0-554 

Stearic acid 

344 

29-9 

0-553 

Oleic acid 

280 

30-5 

0-617 

Hexadecyl acetate 

294 

34-4 

0-637 

Octadecyl acetate 

305 

30-7 

0-667 

Ethyl palmitate 

300 

19-4 

0-669 


be solid or liquid. The variation in the equilibrium pressure with 
the temperature for a number of solid and liquid organic in- 
soluble substances have been determined by the ring method. 
As typical may be given the following curve for stearic acid. 



It is foimd that no perceptible (to 0*6 dyne per cm.) lowering 
of the surface tension of the water occurs until the temperature 
reaches a well-defined value O. A few of these limiting tem- 
peratures are given in the followinsr table : 
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— . „ , , j 

Compoiuid 

Temperatnie of 
oommenoement pf 

Buiface solution 


“K. 

Oil chain acid 

Qia »» 

233 

264 

Pl4 

273 

0,, „ 
fts »» 

266 

278 

Ois 

290 

Oldie acid 

221 

Hexadeoyl acetate 

240 

Octadocyl acetate 

259 

Ethyl palmitate 

271 


We must imagine that some of the molecules in the crystalline 
solid have carboxyl groups wetted by the water on the line of 
cototact; these groups although attached to the water cannot 
pull off the hydrocarbon chain at low temperatures. At 17® C., 
however, in the case of stearic acid the force of dissolution and 
the kinetic energy of the molecule are sufficient to permit of 
rupture. The molecule now floats freely on the surface of the 
# water. During the course of time a number of molecules are so 
detached ; they do not however exert any appreciable action on 
the tension of the water since every collision between free 
molecules is inelastic. In this manner a fllm of molecules upon 
the surface of the water then commences to pack and lower the 
surface tension. The point O (Fig. p. 129) may be considered as 
the equilibrium point of the system solid crystal, film and water. 

From the point of view of the phase rule 
P+f=C+2, 

V we may regard the system as one component consisting of fatty 
, .aeid, or as a two-component system fatty acid and water. In 
^ tlie latter case there is an additional restraint on the system in 
aooordanoe .with the expression 
, . rjd/i, = — Fad/ii. 

At O three phases exist in equilibrium, hence / «« o or O is 
an invariant point. On elevation of the temperature the water 
. phase disappears and the system becomes divariant. Along tho 
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line OA the surface film at first solid is observed to melt. No 
abrupt melting point can however be noted and no break is 
observed in the line OA, 

At A the crystal melts and there are present three phases: 
solid crystal, liquid lens and film. The system is accordingly 
nonvariant. 

The F, T curve beyond this point is again linear, but the 
surface pressure decreases rapidly with elevation of the tem- 
perature until the point B is reached where an abrupt change in 
the slope of the curve is noted. In many cases such as in the 
long chain esters the film is found to be condensed at A and 
expanded at B, thus AB is the expansion interval of Labrouste 
and Adam. For acids on the other hand, with the exception of 
stearic, the film is already expanded at the melting point and 
the portion of the curve AB is missing. 

Since the equilibrium pressure F is a measure of two surface 
tensions 

^oll ^interface* 

it is clear that in those cases where the portion of the curve AB 
exists, the interfacial surface tension must change rapidly with 
the temperature over the portion AB and move slowly over the 
region BO. In the film these two portions of the curve are\ 
associated with a transition from a condensed to an expanded 
film and with this analogy we may regard the oil-water interface 
as being capable of existing in two states, condensed and ex- 
panded. At B the oil-water interface is expanded and has the 
usual small temperature coefficient, at A the interface is con- 
densed or partly expanded and possesses a high temperature 
coefficient although the interface may not necessarily expand at 
the same temperature as the film. Thus the interface may be 
condensed, partly expanded or completely expanded at the 
melting point, the actual state being determined by the length 
of the AB curve and the film area at the melting point. 

A number of expansion temperatures, i.e. temperatures at B^ 
together with the equilibrium pressures are given in the table 
on p. 132, which can be compared with the data presented on 

p. 102. 

From the slopes of the various segments of the curves 
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together with a knowledge of the areas of the molecules at the 
ixivcudant points it is possible to calculate the latent heat of 
change from the bulk phase to the surface. 


Compound 

Temperature of 
expansion in ° K. 

F equilibrium pressure 
in dynes per cm. 

Stearic acid 

350 

26-3 

Hexadecyl acetate 

310 

19-6 

Octadecyl acetate 

321 

16-0 

Ethyl palmitate 

306 

14-3 


Thus in the case of stearic acid the slopes of the curves are 


OA 

AB 

BC 


dF 

dT 

dF 

dT 


= + 0-553 dyne per cm. per ° C. 
= - 0-67 


g.- 0.153 


Writing the equations for the conditions of equilibrium of the 
film with the crystal at B^ we obtain 

dft = — S^dT + AdF for the film , 
dft = — S^dT 4- vdP for the crystal. 

Since P is constant vdP = 0, and by eliminating dfx we obtain 
dF Si A 
dT^ A ~~ TA'^ 

inserting the value A = 20-6 x 6-06 x 10’ sq. cm. per grm. mol 
we obtain A = 5,620 calories as the superficial latent heat of 
spreading of the solid acid and A = — 9,000 as the superficial 
latent heat involved in the spreading of the film from the 
liquid lens and the expansion of the liquid interface. Together 
we obtain A^ == 15,000 calories as the latent heat of fusion of 
stearic acid. 

In previous sections we have noted for substances containing 
a polar group that the tendency to spread is determined by the 
adhesion of the polar group for the substrate and that for fatty 
aekis the magnitude of this adhesion can be afiected by alterar 
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tion of the alkalinity of the solution; a few of these values 
determined by Lyons (Proc. Roy. Soc. A, cxxiv. 331, 1929) are 
given in the following table. 


Equi- 

Dibmp. librium 

® O. pressure 

d3n[ie 


Area/ 

moleoule ^1“ 
bq.A. pergrm. 

molecule 


State of film 


Myriatic Acid on Dilute Acid* 



0-6 

26-3 

5910 

Slightly expanded from 





liquid condensed 

5 

2-84 

26-5 

6040 

Ditto. 

10 

5-68 

28 

6490 

Partially expanded 

15 

8-52 

34 

8040 

Fully expanded 

20 

11-36 

33 

7930 

Ditto. 

25 

14-2 

32-5 

7940 

Ditto. 

30 

17-04 

32-5 

8070 

Ditto. 



Pentadecylic Acid on Dilute Acid 

17 

1 13-'7 

20-2 

1 4660 

Solid condensed 

21 

16-0 

19-8 

4610 

Ditto. 

28 

1 19-0 i 

19-5 

4660 

Ditto. 


Palmitic Acid on Dilute Acid 

18 0*6 I 24*2 I 5620 | Liquid condensed 

Palmitic Acid on Alkaline Solutions 
18 7-18 I 19-5-20-0 1 9100 | Solid condensed 


* Area measurements given by Adam and Jessop, Proc. Roy. Soc. A, oxn. 
362, 1926. 

It will be seen that on acids the heat change on spreading to 
form an expanded film is 8,000 calories, for a liquid condensed 
film 5,620 calories and for a solid condensed film 4,640 calories. 
The latent heat of spreading on alkaline surfaces to form a solid 
condensed film is 9,100 calories, a value much larger than the 
corresponding value on acid solutions. The increased attraction 
of the molecule for an alkaline surface is therefore paralleled by 
an increase in the latent heat of spreading over that surface. 

6. On the rate of spreading. 

An examination of the mechanism of spreading of solids on 
water has indicated that the process takes place in somewhat 
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ihe following manner. At a certain critical temperature the 
magnitudes of the spreading coefficient and of the kinetic energy 
kA the molecule have risen (together) to such a value that a 
molecule can be tom off from the crystal surface* exposed to the 
water. The molecules thus detached exert a “vapour pressure’' 
which gradually rises until it reaches the critical value for ftie 
formation of an expanded film. As a result of such surface 
solution an expanded film (see p. 101) grows around the crystal 
surface at a definite rate. The rate of solution at any temperature 
is constant for a definite area of interface of a given material 
and the expanded film is gradually compressed. For slow rates 
of solution the surface tension of the water is hardly affected at 
all until the whole area of the surface is covered with such an 
expanded film. Further, the rate of solution is slow enough to 
push out the film already formed without any sensible pressure 
gradient occurring in the film from crystal to edge. On a limited 
area of water the surface tension commences to be lowered 
when the further surface solution of the crystal commences to 
compress the expanded film. Compression by surface solution 
continues until the equilibrium value F is reached. 

An examination of the rate of such compression for expanded 
films reveals the fact that they obey a law of the type 




where Fq is the saturation value. 

It may readily be imagined that the equilibrium finally 
attained is a dynamic one in which the rate of solution 



is balanced by the rate of return of molecules to the surface, or 


dwr' 


kF^ 



M a rate proportional to the surface pressure. 

J' , • 

: fifafface aoluticm only occurs at the edge of the crystal exposed to water- 
interface, and solution does not occur or only very slowly from the parts 

'^.the cirvstal irnmniww) in r.hA -uTAi-Ar. 
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Hence the rate of compression will be defined by the equation 

dti dn' ,, , ij, dt* 

dt dt~ dt^ 


whence ^ - f\ k{F„- F} 

in agreement with the results obtained by Cary. 

A few of the experimental data are given below. 


Influence of temperature on time required to cover an area of 
66-9 aq. cm, of mater with a unimolecvlar film under zero com- 
pression of myriatic acid. Length of water cu^id interface 
0-251 cm. 


Temperature 

°K. 

Time in 
minutes 

^88 

> 12 

293 

6*8 

298 

22 

303 

0-7 

308 

0-3 

313 

0-2 


Bate of saturation of a surface of Nj 100 HCl by solid myriatic cund. 
Area of surface 56*9 sq, cm. Length of crystal water interface 
0-251 cm, T = 26° C. 


F dynes 
per cm. 

t calc. 

t obs. 

0 

_ 

2*05 

3-22 

2*81 

2-85 

6-44 

3*96 

4*00 

9*66 

6*60 

6*80 

10*31 

7*76 

8*10 


If the filTn formed by superficial solution is an expanded film 
at low pressures but condensed at high pressures, it is found 
that the unimolecular character of the compression time curve 
id obeyed until a critical * value of F is reached at which the 
6X|Miinded filun no longer undergoes gradual compression but is 
donvearted into a condensed film. The surface pressure accordingly ^ 
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mcreases much more slowly with the time than it would if such 
a transformation to a material of smaller molecular area were 
not occurring. This is well exemplified in the rate of compression 
of films of myristic acid at 26° C. and at 18° C. At the higher 
temperature the film is always expanded up to the equilibrium 
value of F, At 18° C. conversion from an expanded film to a 
condensed film occurs at a pressure of 5 dynes per cm. It is 
important to note that the film spreading from the crystal is 
not being pulled out by a differential tension between the edge 
of the film and the water, but is being pushed out by the solution 
of molecules at the crystal surface. 

In the case of oils the expansion rate is very rapid, and 
frequently the layer spreads out from the drop in multimolecular 
thickness showing interference colours. After a few seconds 
however (usually from two to three) the excess oil above that 
necessary to form “ unimolecular thickness'’ is pulled back into 
the lens or more generally into a number of minute lenses formed 
from nuclei resulting from dispersion of the crystal drop. This 
phenomenon noted by Devaux does not appear to occur when 
pure oils are employed but may readily be observed if a small 
quantity of benzene be added to the oil. Early investigations on 
the rate of spread of oils on a water surface were made by Woog 
{C.R. CLXXrv. 162, 1922), who showed that the rate was dependent 
on the “attraction" of the oil for the surface and considered 
that it was proportional to the sum total of all the polar groups 
in the molecule and inversely as the viscosity of the spreading 
oil. He obtained an expression for the rate of spread in the 
following form tn = nt^ ~ k {n — i), where are the times 

required to cover the first and nth metre respectively. 

Land and Volmer (Zeit. physikal. Chem. cxxn. 399, 1926) 
have measured the rate of spreading of olive oil containing a 
small quantity of fatty acid on the surface of water. 

The rate of expansion of the disc at any instant was found to 
be inversely proportional to the cube root of the diameter of 
the disc, thus indicating that the distribution of pressure on 
the disc is constant, a state of affairs very different to that 
obtaining in the surface solution of crystals. 

The following derivation due to Blasius (Zeitrf. Math. u. Phye. 
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LVi. 1, 1908) permits us to deduce the observed rate of expansion 
from this assumption. 

If a plate of thickness b and area cm.^ moves with a velocity v 
in the plane of the larger diameter through a fluid of viscosity 
77 and density p, the force on the plate F is given by the ex- 
pression ^ _ 1.327 

Since the plate has but one side in the water which has /o — 1, 
rf 0*01 c.G.s. units, 

F = b 


Taking the surface tension difference between the oiled water 
and water as a — cfq over the thickness of the plate, we obtain 
F = b (cr — ao) = 18-6 dynes per cm. 

Hence on eliminating b we obtain 


V 


V 4(a- a„)* 

V 1-32TU7)p 


42-8 

cm. per sec. 
Vl 


A few of the experimental data are given below. 


Radius of disc Velocity in 

mm. cm. per sec. 


017 - 0-58 

67 

0 * 92 - 1-20 

48 

1 - 70 - 2-50 

33 

4 - 18 - 5 01 

24 

6 * 68 - 7-52 

20 

919-1002 

16 

11 • 84 - 12*75 

15 


Since the rate of solution of the crystal is constant, the rate 
of increase of area of the expanded film varies inversely as the 
radius of the circular film. If the spreading be determined in 
a narrow trough where the expanding area touches the side of 
the trough, the film would, if rigid, undergo compression in this 
direction and continue to expand at the normal rate over the 
other portion of the full surface. Actually the film is not rigid 
and an augmentation in the velocity of spread in the “wave” 
front is noted. Thus, if a drop of oleic acid be placed on water 
in a circular trough in a position half-way along the radius 
from the centre, it will be observed that the “wave” front, at 
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fitst circular, begins to move with increasing velocity at the 
point where it comes in contact with the trough rim, and the 
two horns travelling round each side of the trough edge will 
arrive at the point on the continuation of the radius at the far 
end of the trough in the same time as the direct portion moving 
there by expansion. 

One or two observations of some interest may be made on the 
spreading of mixtures. If a small quantity of a slow spreading 
material be dissolved in one that spreads rapidly and the 
mixture be placed on a water surface, a unimolecular equilibrium 
layer of the second is rapidly formed. In the course of time the 
slow spreading material arrives at the oil-water interface and 
if the magnitude of for the second oil be less than that of 
the first, the lens may actually spread out into a thin sheet. 
Again, if two crystals of fatty acids be placed upon a limited 
area of water, the equilibrium pressure will be found to be that 
of the fatty acid of higher surface pressure. In the case of two 
lenses of liquid fatty acid the equilibrium surface pressure may 
actually be higher than that of either acid in the pure state. 
It is possible that the formation of soUd solutions as well as of 
liquids of higher surface solubiHty than the pure substances 
might be revealed by careful examination of such systems. 

The spreading of water containing electrolytes on mercury 
has been examined by Burdon (Froo. Phys, Soc. xxxvm. 80, 

1926) and Burdon and Oliphant (Trans. Farad. Soc. xxm. 207, 

1927) . For a metal liquid interface the value of agg is dependent 
on the interfacial potential (Ch. vii), thus the spreading co- 
efficient will vary with the change in potential. The spreading 
of water containing oxygen takes place with extreme slowness, 
on the other hand drops of water containing dilute acids both 
mineral and organic spread rapidly to cover a definite area and 
then the motion almost ceases. The area covered during the 
period of rapid spreading is such that a definite number of 
molecules of mercury ca. 10 are covered by each hydrogen ion 
present in the acid. The following figures were obtained. 

^ By passing a current of 16 microamperes for one second 
(1^0 . 10^* electrons) in a direction such that the mercury was 
positive and the water negative, perfectly pure water could be 
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made to spread by the discharge of negative ions over an area 
of one square centimetre. 


Aoid 

No. of molecules 
per sq. cm. 
covered x 10^* 

HNO3 

0-90 

HCO 

1-0 

HBr 

1-2 

HCOOH 

0*96 

CH3COOH 

102 

(CH2)2H.C00H 

0-98 


We shall have occasion to note in a subsequent section 
(Ch. vn) that there exists in general a potential difference 
between a metal and an electrolyte, and unless equilibrium 
conditions are already established ions will pass across the 
boundary to establish equilibrium and at the same time the 
ionic arrangement of the boundary layer must adjust itself so 
that the conditions both of chemical and electrical equilibrium 
is obeyed. This necessary electrical condition has to be fulfilled 
also in the case of mercury in contact with water by the 
adsorption of positive ions from the solution; these may be 
mercury ions formed by a surface chemical reaction which may 
be written in the form 

Hg -f HOH lig OH 4 - 1 Ha adsorbed 1 
the liberated hydrogen being consumed except on a rapidly 
expanding mercury surface by oxygen dissolved in the water, the 
mercurous hydroxide supplying the necessary ions, a reaction 
which proceeds very much more slowly than adsorption of 
hydrogen ions which are present with the acid in solution. 

7. Antonow’s Rule. 

A very significant observation connecting the interfacial 
tension between two liquid phases in equilibrium with the surface 
tension of each separately against the vapour ph£Lse was dis- 
covered by Antonow. The interfacial tension is equal to the 
difference between the two surface tensions. It is important to 
notice that we must deal with phases in equilibrium, since it 
often hap^ns that the^ tension of the one pure liquid is greatly 
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reduced by the addition of the second even though the solu- 
bility may be exceedingly small. In the extreme case, the 
solubility of one phase in the other is too small to be measured, 
as in the case of palmitic acid in water, but the surface tension 
of the solvent may, as we have already seen, nevertheless be 
reduced very much. The following examples* may be quoted in 
support of Antonow’s rule. 


Liquid 

Surface tension 

Interfacial 

tension 

Temp. 


Aqueous 

layer 

Oil 

layer 

Pure 

oil 

Calcu- 

lated 

Ob- 

served 

°C. 

Benzene 

63-2 

28*8 

28-4 

34-4 

34-4 

19 

Ether 

28-1 

17-5 

17-7 

10-6 

10-6 

18 

Aniline 

46-4 

42*2 

41-9 

4-2 

4-8 

26 

Chloroform 

69-8 

26-4 

27-2 

33-4 

33-3 

18 

Carbon tetrachloride 

70*2 

26-7 

26-7 

43-5 

43-8 

17 

Nitrobenzene 

67-9 

43-2 

43-4 

24-7 

24-7 

18 

Amyl alcohol 

26-3 

21*5 

24-4 

4-8 

4-8 

18 

Cresol 

Amyl alcohol 5 % 

37-8 

34-3 

371 

3-5 

3-9 

18 

+ Benzene 95 % . . . 
Cresol 6 % 

414 

28-0 

26-0 

15-4 

16-1 

17 

+ Benzene 95 % . . . 

56-5 

28-7 

29- 1 

27-8 

27-5 

17 


The agreement in the above table is very good. Equally good 
are the results found by Reynolds in the case of benzene and 
aqueous solutions of various substances which raise the surface 
tension of water. 

In certain cases the interfacial tension observed initially was 
close to the calculated value, but fell lower with lapse of time, 
sometimes considerably: thus with water and a liquid paraffin 
mixture the surface tensions of the two phases were respectively 
73*0 and 31-6, and the interfacial tension fell from 41*0 after five 
minutes contact to 16-1 after standing together for a day. In 
such cases a chemical change may be assumed, although it is not 
always easy to find a probable one. 

Re 3 aiolds excepts from the general validity of Antonow’s rule 
the tension of mercury and amalgams against certain electrolytes 

* Reynolds, J,C,8, oxix. 460, 1921. 
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and immiscible liquids which react chemically. It is clear that 
the rule would be difficult to verify satisfactorily in the latter 
case; with mercury in contact with aqueous solutions (or with 




Surface tension 

Tnterfacial tension 









Temp. 

Solute 

uoncen- 







tration 

Solution 

Aqueous 

Benzene 

Calcu- 

Ob- 

°C. 



layer 

layer 

lated 

served 


NaCl 

01 

72-2 

64-0 

28-9 

35-1 

34-9 

18 

99 

10 

74*4 

66-6 

28-7 

36-8 

37-3 

19*5 

99 

5*0 

83-5 

720 

29- 1 

42*9 

42-5 

17 

NaOH 

10 

74-8 

65-3 

28-9 

.36-4 

37-7 

18 

>> 

50 

84-5 

72-7 

29-0 

43-7 

44-7 

17 


0-5 

730 

62*5 

28-0 

34-5 

350 

25 

»> 

2-5 

75*6 

65-7 

28-9 

36-8 

36-6 

18 

Na^SaOa 

50 

77*4 

66-2 

28-9 

37-3 

37-1 

18 

01 

73-5 

63*4 

28*7 

34-7 

34-6 

20 

Glycerol 

50 

70-9 

57-7 

28*7 

290 

28-6 

20 

Sucrose 

01 

73-7 

62-7 

28-7 

340 

34-4 

20 

99 

10 

75*3 

630 

28-9 

341 

34-1 

18 


(Concentrationa moasured in grm.-mols per litre.) 


water) the apparent deviation from the rule is probably to be 
accounted for by consideration of the electro -capillary effects 
(Ch. vii). 

We may note that if we have the two liquids in separate 
vessels enclosed under one bell -jar so as to allow of free evapora- 
tion and condensation from one vessel to the other, the total 
surface tension in the vessel containing the liquid of higher 
tension will be unaltered if the other liquid distils over so as to 
cover the first with a thick film, for then we shall have two 
surfaces whose combined free energy equals that of the original 
surface. If on the other hand the liquid of higher tension wepe 
to distil over and form a thick film on the other liquid, the sum of 
the surface energies would have increased by 

for each unit of surface ; the phase of lower surface tension must 
therefore remain uncontaminated by the other. 

8. Interfacial surface tension and solubility. 

Since the interfacial tension between two liquids can always 
be expressed as the difference between two surface tensions. 
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interfacial tensions in general must necessarily be smaller than 
aiarfaee tensions, and may be very small indeed. As a rule, 
especially with a closely related series of compounds, the inter- 
facial tension increases as the solubility in the second liquid 
diminishes. Thus at 20® C. the interfacial solution of alcohols 
against water are 

Propyl alcohol O (miscible in all proportions) 
Isobutyl ,, 1-8 

Isoamyl ,, 4*4 

Octyl „ 8-6 

and the solubility diminishes in the same order. 

Against mercury we have 

Isobutyl alcohol 342*7 

Secondary octyl alcohol 359*0 

The order is the same, although the solubility of the liquids is 
so small as to be practically meaningless, so that solubility is not 
a helpful criterion in this case. 

To-^, cr^ the surface tensions of the pure liquids. 

Let us denote by< cr^., those of the mutually saturated phases, 

the interfacial tension. 

Then by Antonow’s rule, ~ ^a’ ~ ^b'- 

Now if the mutual solubility be not great, will not differ 
much from but may however be very much less than o-^, 
and^the difiEerence will as we have seen be greater the larger the 
surface concentration of 3 when dissolved in A. Thus the effect 
of .B in lowering the surface tension of A against air is reflected 
again in the Interfacial tension between the two liquids. 

9. Influence of temperature. 

The variation of interfacial tensions with temperature has 
been measured by Harkins in the case of a few organic liquids 
against mercury, and like surface tensions they diminish with 
rise of temperature. 

The decrease of interfacial tension with rising temperature 
might normally be ascribed to increase in solubility. We have 
imfortunately no data with which to compare the interfacial 
tendons directly with solubility of a pair of partially soluble 
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Liquid 

0° 

10° 

20° 

30° 

40° 

50° C. 

Isobutyl alcohol 

3491 

345*6 

342*7 

341*0 

340*2 

339*3 \ Interfacial 

Secondary octyl alcohol . . . 

365*4 

361*7 

359*0 

357*3 

355*0 

353*6 1 tension 

Octane 

377*2 

375*8 

374*7 

373*4 

372*6 

371*3 1 against 

Benzene ... 

— 

361*3 

357*2 

353*7 

351*4 

349*8 / mercury 

Surface tension of mercury 

480 

478 

476 

474 

471 

469 


liquids at different temperatures, but from the results of 
Whatmough* on the surface tensions of such phase pairs we can 
calculate the interfacial tensions from Antonow's rule. The 
following values are interpolated from his results. 


Aniline and WXter. 

(Critical solution temperature = 168° C.) 


Temp. ° C. 

15 

25 

35 

45 

65 

65 

75 

Tension of aqueous 
phase 

59*92 

59*000 

58*155 

66*965 

56*485 

54*64 

63*506 

Tension of aniline 
phase 

54*64 

53*795 

52*615 

51*520 

60*140 

49*01 

47*830 

Interfacial tension 
calculated 

5*28 

5*205 

5*540 

5*445 

6*346 

5*63 

5*676 


Methyl Alcohol and Carbon Disulphide. 
(Critical solution temperature = 40*5° C.) 


Temp. °C. 

10 

20 

30 

38*8 

Tension of CH3OH phase . . . 

^•49 

26*61 

26*44 

24*66 

Tension of CS 2 phase 

27*76 

26*67 

25*49 

24*66 

Xateifaoial tension calculated 

0*26 

0*16 

0*06 

0*00 


(Mean temperature coefficient of interfacial tension 0*0009.) 

Guard and Bideal obtained the following values for the surface 
tensions of mutually saturated solutions of phenol and water. 


Zeit. phya. Chem, xxxix. 129, 1902. 
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Phenol and Water. 

(Critical solution temperature = 68*8° C.) 


Temp. ° C. 

0 

10 

20 

30 

40 

50 

60 

Tension of aqueous 
phase 

41*479 

40*650 

39*880 

39*200 

38*582 

38*10 

36*70 

Tension of phenol 
phase 

41*865 

41*000 

40*220 

39*495 

38*836 

38*24 

36*73 

Interfacial tension 
calculated 

0*386 

0*350 

0*340 

0*295 

0*254 

0*14 

0*03 


It is a characteristic of two component systems forming one 
phase at a certain temperature that at this temperature the 
curve relating the partial molal free energy to the relative con- 
centration of the components becomes horizontal. In other 
words, at the critical point 



Since however T = 


for r to assume a finite value must also be zero. Thus, 

dN 


as pointed out by G. N. Lewis (Thermodynamics, p. 253), at the 
critical point “a small change in composition will not change 
the surface tension between the liquid and air, regardless of the 
amount of surface adsorption of either constituent of the liquid.” 
In addition, since for some distance on either side of the critical 
point the variation of the partial molal free energy with the 
composition is small unless the surface adsorption exhibits 
violent changes, the surface tension is largely independent of the 
composition. 

In these examples, as one would expect, the interfacial tensions 
are small and diminish as the critical solution temperature is 
approached. The differences between the surface tensions of 
the two phases are generally too small to decide whether the 
interfacial tension approaches zero asymptotically in all cases, 
although such appears to be the case in the phenol water 
system : we notice however that the temperature coefficient is 
very small indeed, as is the case for surface tensions of liquids 
near their critical point, but to a still greater degree. It would 
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be of considerable interest to have data for the surface and 
interfacial tensions of a pair of hquids such as nicotine and water 
which are miscible in all 
proportions except within 
a definite temperature 
range. Here we should 
expect to find curves of the 
type shown in the figure, 
where a and b represent 
the surface tensions of the 
two phases within the criti- 
cal region and c their interfacial tension. The latter has no 
meaning either above or below the critical temperatures and 
must have a maximum at some intermediate point. 

Lorenz and Liebmann* have measured the interfacial tension 
of molten lead against a mixture in molecular proportions of 
PbCl 2 and KCl between 450° and 600°. The results may be 
expressed approximately by the formula cr = 211 -f 0-147 (600 — f), 
though considerable experimental errors make the figures some- 
what uncertain. 

In bringing together the surfaces of two liquids to form a 
liquid-liquid interface heat is either evolved or absorbed during 
the process. This heat change may be termed with Harkins the 
heat of adhesion. The sum total of the surface energies of the 
two surfaces before contact less that of the interface after 
contact represents the total amount of energy given off or 
absorbed if the process be carried out isothermally, or 



Harkins gives the following values for the heats of adhesion of 
the following interfaces : 


Interface 

Heat evolved in 
calories per sq. cm. 

Water-hexane 

Water-ootyl alcohol 
Water-carbon tetrachloride 

2-6 X 10-® 

4 0 X 10-® 

2-6 X lOr-® 


* ZeiU phys, Cftem, i^xxxm. 459, 1913. 
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1x1 the case of octyl alcohol the area of a molecule is ca, 25 A.^ 
Thus a gm. molecule of octyl alcohol would occupy some 
1*51 . 10® sq. cms. and the heat evolved would thus be of the 
order of 6000 calories per grm. molecule. If the liquid-liquid 
interface be formed by the condensation of a vapour on the clean 
surface of a liquid (ai) the heat of adsorption will be 



where A is the latent heat of vaporisation of the liquid which is 
condensed from the vapour phase. Harkins finds values of 3-26 
and 3-13 . 10“® calories per sq. cm. for the heat of adsorption 
of isobutyl alcohol and octane respectively on a water surface. 


Interfacial surface tension and chemical constitution. 

Some interesting conclusions may be drawn from a considera- 
tion of the magnitude of the interfacial surface tensions of 
various liquids. The significance of these was first pointed out 
by Hardy (Proc, Roy. Soc. A, i^xxxviii. 303, 1913) and em- 
phasised by Harkins {J.A.C.S. xxxvin. 228, 1916; xlii. 700, 
1920). We have noted that Antonow^s rule only applies to 
mutually saturated solutions. If two pure liquids be brought in 
contact with one another in general 

or during the process of mutual saturation as would be antici- 
pated there will be a decrease in the free energy of the system. 
The magnitude of this decrease in the free energy is a measure 
of the chemical work performed and has an important bearing 
on the nature of the two liquids. 

Harkins defines two terms, the work of cohesion or tensile free 
energy Wc which is the work done when a bar of liquid of imit 
cross-sectional area is pulled apart against the cohesive forces. 
It is thus numeiically equal to twice the surface energy of the 
liquid. The work of adhesion Wa is similarly defined as the work 
Inquired to pull apart a composite bar consisting of half of one 
liquid and half of the other, at the place of junction. 
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is evidently defined by the decrease in free energy when 
the two liquids are brought into contact ; 

^ABy 

Wc = 2(7 for the first liquid and 2a^ for the second. 

Thus 


for water 


145’8 ergs per sq, 

for octane 

W,= 

43-5 „ 

for octane-water 

w,= 

43-8 

for octyl alcohol 


551 „ 

for octyl alcohol-water 

w^ = 

91-8 „ 


According to Harkins’ views, on breaking a bar of octyl 
alcohol the molecules of the alcohol on both sides of the plane 
of break should orientate themselves so that the break would 
occur with the least possible expenditure of work; in this case 
the molecules should orientate themselves so that the final break 
can occur between the ends of the hydrocarbon chains. This 
should lead to a value of Wq equal to that of octane. The higher 
figure actually observed Harkins attributes to imperfect orienta- 
tion due to thermal agitation. 


Liquid 

Wc = 2<7c 
== 72-8 

ergs per cm.^ 

Wa = 

ergs per cm.^ 

Spreading coefficient 
Wa - Wc 

= — (ov H,0 + ac) 

for the water-liquid 
interface 

ergs per cm.® at 20° C. 

N. hexane ... 

36-8 

40-1 

3-3 

N. heptane ... 

40-2 

41-9 

1-7 

N. octane ... 

43-6 

43-8 

0-3 

Ethyl bromide 

48-3 

66-2 

17-9 

Ethyl iodide 

49-8 

62-7 

12-9 

Octyl alcohol 

561 

91-8 

36-7 

Heptylio acid 

66*6 

94-8 

38-2 

Carbon tetrachloride 

63-3 

54-4 

1-1 

Chloroform 

64-3 

67-3 

13-0 

Dichlormethane . . . 

530 

710 

18-0 

Benzene 

67-72 

66-63 

8-91 

Benzaldehyde 

80-1 

97-3 

17-2 

Benzyl alcohol 

79-4 

107-8 

28-4 

AniliTift 

83-2 

109-6 

26-4 

Nitrobenzene 

86-8 

90-5 

3-7 

Carbon disulphide... 

62-8 

66-8 

-7-0 
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0 In the case of the octyl alcohol-water interface the hydroxyl 
groups of the alcohol are immersed in the water, consequently 
when a bar of octyl alcohol is pulled away from the water, polar 
groups must be pulled from polar groups, so a high value of the 
work of adhesion should result from the orientation at such an 
interface. It thus follows that the difference between Wp for an 
organic liquid and for that liquid and water should be a 
measure of the asymmetry of the molecules of the former, and 
as has already been observed, gives us a numerical value for the 
spreading coefficient (see p. 124). Compounds containing polar 
groups should give higher values for — Wg as is exemplified 
by the data given in the table on p. 147 for various liquids in 
contact with water at 20 ® C. 

In a similar manner Harkins and his collaborators have 
determined the' work of adhesion and hence the value of Wa — Wc 
for a number of liquids in contact with mercury; some of the 
data are shown in the following table. 


Liquid 

ergs per cm.* 

Wa = ac 
+ ~ <yc.Hg 

ergs per cm.* 

Spreading coefficient 
Wa - Wc 

for the mercury-liquid 
interface 

ergs per cm.® at 20° C. 

Water 

146-6 

173-8 

28-2 

Bthyl alcohol ... 

44-8 

134-4 

89-6 

Carbon disulphide 

62-8 

171-4 

108-6 

Methyl iodide . . . 

70-0 

207-0 

137-0 

Benzene 

67-8 

147-7 

89-9 

N. hexane 

36-8 

116-4 

79-6 


Whilst the values for the work of adhesion and of cohesion fall 
with rising temperature, the difference Wa — Wc is almost 
independent of the temperature as shown in the data presented 
on p. 149 given by Harkins (loc. cit.). 

We note that the value of — Wc for aliphatic derivatives 
qn water decreases with replacement of what are generally 
termed the polar groups by less polar ones in the following order 
— COOH, —OH, — Br, —I, — CH 3 . 

The interfacial surface tension may be markedly affected by a 
surface reaction occurring in the presence of traces of impurities. 
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A good example of such an effect has already been noted in the 
alteration of the spreading pressure for an oil containing a fatty 
acid and water containing acid or alkali. 


System CflHg.Hg 

System C^H^OH.Hg 

Temp. 

°C. 




Temp. 

°C. 

Wc 



ergs per 

ergs per 

ergs per 

ergs per 

ergs per 

ergs per 

sq. cm. 

sq. cm. 

sq. cm. 

sq. cm. 

sq. cm. 

sq. cm. 

10 

60-8 

150- 1 

89-3 

20 

45-4 

156-0 

110-6 

20 

57-8 

147-7 

89-9 

30 

44-0 

155-0 

111-0 

30 

54-2 

147-9 

93-7 

40 

42-6 

152-1 

109-6 

60 

46-2 

141-8 

95-6 

50 

41-0 

1 

150-2 

109-2 


10. Interfacial tension of solutions. 

In the case of the interfacial tension of two pure liquids we 
have had to deal with the superficial system in equilibrium with 
a two-phase two-component system of three dimensions. If we 
add to this system a third component the problem becomes still 
more comphcated. The simplest case is that in which the added 
substance is soluble in one phase and completely insoluble in the 
other, the original liquids being themselves mutually insoluble. 
The change of interfacial tension should then run parallel to 
the change of surface tension of the liquid in which the third 
component dissolves. 

If the original liquids are mutually soluble and the third 
component is soluble in only one of them, the mutual solubility 
will be diminished by its addition — according to Nernst’s law, 
at low concentrations. The rise or fall of interfacial tension will 
thus depend on two superimposed effects, the change of surface 
tension of the better solvent owing to addition of the solute, and 
that in each of the two Hquids due to diminished concentration 
of the other. The latter effect tends to increase the tension, while 
the former may work in either direction. 

If the original liquids are again partially miscible, and the 
added component soluble in either, the mutual solubility may be 
increased; if so the interfacial tension will probably diminish 
whatever may be the effect on the surface tensions of the two 
pure liquids. Clearly, if sufficient of the third component be 
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added to make the two phases completely soluble the interfacial 
tension must disappear altogether. 

It is logical to conclude with the case where the new com- 
ponent is not appreciably soluble in either phase. At first sight 
it would appear unlikely that the interfacial tension could then 
be affected in either direction, yet this is possible. If the inter- 
facial tension is increased by its addition to the system this 
substance will be adsorbed at the interface; if decreased, the 
added body will be more sparsely distributed at the interface 
or not appear there at all. It is easy to observe, at any rate, 
the appearance of a film of non-transparent matter at the inter- 
face, and the experiment has been carried out for a number of 
liquid pairs and soHds by Hofmann (Zeit, phys. Chem, lxxxih. 
385, 1913) and by Reinders {Roll, Zeit. xm. 235, 1913). Powders 
of different kinds of insoluble inorganic compounds were shaken 
up with water and an organic liquid : in a few cases the powder 
went completely into the aqueous phase, in much fewer the 
organic liquid contained practically all the suspension, but in 
the great majority the solid went preferentially or completely 
to the interface. We should conclude then that the interfacial 
tensions involved are diminished by the addition of most 
inorganic Bohds. The argument is not perfectly complete since 
the particles are comparatively so large that we ought also to 
consider the tension at each of the solid-liquid surfaces. To 
begin from another side, the solid will go to the interface if each 
liquid is adsorbed at the surface between the solid and the other 
liquid, that is to say if the mutual solubility is increased at the 
surface of the solid. (The case is very similar to that of catalysis 
at a solid surface.) The positive adsorption of the first liquid A at 
the surface of the solid S and the second liquid B will occur if 
the tension SjA is diminished by B\ similarly the tension SjB 
must be diminished by A, But AjB = SjA SjB^ hence if A 
be the liquid with the higher interfacial tension against /S', SjA 
must be lowered by R to a greater extent than SjB by A. The 
necessity for considering the solid-liquid interfaces become less 
trhen the solid particles are of less than three-dimensional 
magnitude as in the case of suitable colloidal solutions. Reinders 
found that colloidal gold solutions went to the interface when 
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shaken with CS 2 , ether or isobutyl alcohol: here probably we 
may simply say that the effect is due to a lowering of the 
interfacial tension. A dilute solution of gelatine goes to the 
interface when shaken with benzene. 

As examples of the first case we may consider M^Lewis’ {Phil, 
Mag. (6), xvii. 466, 1909) results for the interfacial tension of 
petroleum against aqueous solutions of metallic salts (and of 
organic substances). He found that lowering of the interfacial 
tension occurred with addition of CUCI 2 , AgNOg or KCl — an un- 
expected result, since each of these substances raises the siirface 
tension of water against air, and presumably does not influence 
that of the organic liquid, so that the interfacial tension might 
be expected to be raised. This case deserves closer investigation. 
That aqueous sodium glycocholate should lower the interfacial 
tension of the same is to be expected, since this salt is adsorbed 
also at an air- water interface. Similarly Harkins found that 
butyric acid lowers the surface tension of water-benzene: the 
maximum quantity of solute adsorbed at the interface agreed with 
that at a water-air interface. Strictly, this example should come 
into the second class, since the solute is soluble in both solvents. 

The interfacial tensions of a number of aqueous solutions 
against mercury have been measured by M^Lewis*, Patrick and 
others. The tension was lowered by addition of all the solutes 
examined, including mercurous sulphate, salicylic acid, picric 
acid, neofuchsin, morphine hydrochloride, caffeine, aniline, 
sodium glycocholate. All of these substances except mercurous 
sulphate lower the surface tension of water, yet diminish at the 
same time the interfacial tension against mercury. It would be 
interesting to examine the effect of traces of these bodies on 
the surface tension of mercury, for if Antonow’s law holds good 
the surface tension of mercury should be lowered by them even 
more than that of water. We should, in fact, expect to find 
contamination of the mercury surface due to adsorption. In no 
case does the interfacial tension of mercury appear to be raised 
by the addition of a solute to water, and qualitatively this fact 
agrees well with the well-known ready contamination of mercury 
surfaces. 


* See p. 61. 
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The most accurately determined example of the third class 
has already been cited, namely the effect of butyric acid on the 
interfacial tension of benzene- water. Harkins has found the con- 
centration of acid in both layers for each pair of phases in 
equilibrium, but did not measure that of the second solvent. The 
mutual solubility must however almost certainly increase with 
the addition of a body soluble in either, and the interfacial 
tension will be diminished, due to adsorption of the solute and 
the greater resemblance of the two phases. Bubanovic* has 
also determined the interfacial tensions of the same solutions 
against oHve oil, obtaining very similar results. He has also 
examined solutions of chloral hydrate. 

On the other hand the surface tension of water against olive 
oil is practically unaltered by the addition of ethyl alcohol, 
chloroform, benzene, or xylene, all of which lower to a greater 
or less degree the surface tension of water against air, and in 
these examples we may conclude that the greater mutual 
solubility has had at least as great an effect on the tension as 
the tendency to adsorption of the solute. An interesting experi- 
ment would be to start with two partially miscible liquids and 
add a third which would finally yield complete miscibility, 
following changes of composition and interfacial tension simul- 
taneously. A similar result would be achieved by taking for 
example a concentrated aqueous solution of ammonia and adding 
potassium carbonate until two phases were reached, one rich 
and one poor in this salt. 

Meyert has measured the interfacial tension of amalgams of 
the alkali metals against aqueous solutions of their salts, ob- 
taining results similar qualitatively to those of Schmidt J for the 
surface tensions against .air. The interfacial tension of mercury - 
normal KOH is reduced to 33 % of its value by the addition of 
0*0224 % of potassium to the metal, and when the concentration 
of potassium is only 0*0011 % by weight the tension has already 
fallen to 64 %. In the case of sodium amalgam-normal NaaS 04 
the surface activity is still more striking: for lithium amalgam- 

* Meddd, fr. K, Vetenak. Nobdinstitut, n. 17, 1911. 
t Zeit, phyB. Chem. iiXX. 321, 1910. 
t Phys, xxxix. 1108, 1912. , 



INTBBFACIAIi TENSION OF SOLUTIONS 163 

normal LiCl it is not quite so great (although lithium does not 
appear to lower the surface tension of mercury against air). 

Meyer’s results also resemble those of Schmidt in the peculiarity 
^ that the rapid fall in the value of the surface tension does not 
begin at the very lowest concentrations of solute. The first 
addition of alkali metal indeed produces little effect on the 
interfacial tension, and there is a point of inflexion on the con- 
centration surface tension at its steepest part. This behaviour 
appears to be characteristic of amalgams : the explanation is not 
clear and the phenomenon deserves further investigation. 

11. Smulsions. 

The emulsions consist of two liquid phases, one, the disperse 
or discontinuous and the other the dispersion medium or con- 
tinuous phase. It is evidently possible to obtain with one pair 
of immiscible liquids two emulsions, the one the invert of the 
other with respect to the continuous and discontinuous phases. 
We have noted that the interfacial energies of immiscible liquids 
such as water and aniline, although not so large as are the 
computed values for solid-liquid interfaces, are by no means 
inconsiderable and may be as high as 30-40 ergs per sq. cm., 
whilst even higher values are obtainable when one liquid is a 
metal such as mercury. Such liquids when dispersed in water 
form exceedingly unstable emulsions comparable to the sus- 
pensions (seeCh. vi). Thevolumnar ratio of the phases does not 
readily exceed 1 in 1000 and eventual coalescence on contact 
due to thermal agitation, i.e. the Brownian movement, usually 
occurs relatively rapidly. Dilute emulsions in water thus pre- 
pared are negatively charged, and exhibit the phenomenon of 
electric endosmose, whilst they are relatively easily precipitated 
by the addition of electrolytes in which the cations are the 
effective precipitating agents. The volumnar ratio of the disperse 
phase may however be increased, and the emulsions rendered 
more stable with the aid of addition or emulsifying agents. 
Such emulsifying agents can increase the stability of an emulsion 
in two ways : ( 1 ) by the formation of a film round the disperse 
phase which on account of its mechanical strength prevents 
^coalescence on contact, and (2) by lowering the interfacial 
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surface energy to small values, thus reducing the tendency to 
coalescence. The emulsifying agent must consequently be one 
that goes to the interface between the two liquids, imparts to 
the interface mechanical strength and effects a marked lowering 
of the interfacial surface tension. 

12. Limits of emulsions. 

The disperse phase consisting of relatively minute drops, if 
imagined to be perfectly spherical and undeformable would, 
when increased in number or size until point contact between 
neighbouring spheres was obtained, yield a volumnar ratio of 
disperse phase to dispersion medium of 74 : 26 which would fix 
automatically the upper limits possible in emulsification. The 
experiments of S. U. Pickering however (J.C.S. xci. 2002, 1902) 
have indicated that much higher values for the volumnar ratio 
may be obtained : thus with suitable emulsifying agents such as 
soap, paraffin could be dispersed in water until a volumnar ratio 
of 99 : 1 was obtained. The logical interpretation of the experi- 
ments is to assume that the disperse oil drops are not unde- 
formable but may be fiattened at the points of contact as the 
spheres grow in number or in size, until ultimately the dispersion 
medium is reduced to a thin film enclosing a number of penta- 
gonal dodecahedra. For such an intimate contact, where the 
surfaces of the polyhedra are formed by means of a film, to be 
stable it is evident that the emulsifying agent must possess great 
mechanical strength but must at the same time not be too brittle, 
otherwise fracture may result and the emulsion be broken. 

We should thus expect that such emulsions would be rigid, 
and actually they set to a stiff jelly-like consistency. These 
emulsoid jellies or greases are polyhedral in structure and are to 
be distinguished from\he true “gels” which consist of a solid 
disperse phase in a liquid dispersion medium (see Ch. ix). 

13. The emulsifying agent. 

It has already been indicated that two types of emulsions may 
be obtained between two immiscible liquids A and J5, the one 
consisting of A dispersed in B, the other of B dispersed in A . 
In order to impart the requisite degree of stability to such 
systems an emulsifying agent must be added such that it will^ 
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lower the surface tension of such liquid and thus in accordance 
with the Gibbs equation go to the interface and there produce 
a film which possesses a certain amount of mechanical rigidity. 
Substances which exist in colloidal solution and effect a marked 
lowering of the interfacial surface tension may actually undergo 
coagulation to form a solid membrane at the liquid interface. 
Such membrane formations have been noted both at liquid-air 
interfaces and also at liquid-hquid boundaries; thus saponin 
(Ramsden, Proc. Roy, Soc. A, lxxit. 156, 1903) separates out 
at a water-olive oil interface, cellulose nitrate at a benzene- 
water interface (Holmes and Cameron, J.A.C.S. xliv. 66, 1922) 
and gelatine at an oil-water interface (Nugent, Trans, Farad. 
Soc, XVII. 703, 1922). The discrepancy between the actual 
amount of emulsifying agent adsorbed at the interface and that 
calculated with the aid of the Gibbs equation has been shown 
{loc. cit.) to be due partly to the non-ideal character of the 
emulsifying agent in solution, e.g. colloidal soaps and dyes, and 
partly to the high surface concentrations obtained which we 
have noted approximate to a Hmit of saturation above which 
precipitation and other irreversible changes frequently occur. 
The nature of the emulsion is found to depend on the emulsifying 
agent employed ; thus soaps on addition to oil and water produce 
an oil in water emulsion, whilst the calcium salts of the fatty 
acids produce the invert emulsion of water in oil. In the same 
way the sohd basic sulphates of iron, copper and metal are 
effective in producing oil in water emulsions but soot produces 
the invert water in oil emulsion. 

The stability of an emulsion is dependent on the amount of 
the emulsifying agent at the interface. Briggs (Journ. Phys. 
Chem. XIX. 210, 1915) has examined the adsorption of sodium 
oleate at a benzene-water interface by determining the amount 
of soap extracted by emulsification of the benzene and thus 
increasing the liquid-liquid interface, when the figures given over- 
leaf were obtained. 

These figures are in approximate agreement with values 
calculated with the aid of the Freundlich adsorption isotherm 
(see p. 182) but no definite conclusions may be drawn from them 
since the actual area of liquid-liquid interface in all probability 



156 


UQTTID-UQtJID INTERFACES 


was variable, being dependent on the amount of emulsifying 
agent present. The quantity of various soaps required to form 
a stable emulsion of kerosene in water has been determined by 


‘ Cone, soap 
grm. per litre 

Grm. sodium oleate 
adsorbed per 
litre of benzene 

0*60 

017 

118 

0-28 

318 

0-40 

6-36 

0-44 

13-86 

0-48 

2103 

0-49 

26-01 

0-54 


Griffin {J,A.C,S. xl.v. 1648, 1923) for sodium oleate, potassium 
stearate and potassium palmitate, and by der Meulen and 
Hiemann {ibid. xnvi. 876, 1924) for sodium ricinoleate. 

The general method of procedure was to disperse a known 
volume of paraffin in water with the aid of the soap. The average 
diameter of the kerosene emulsion droplets was determined by 
counting with the aid of a microscope and hemacytometer, from 
which the total interfacial area could be calculated. 

The emulsion was then allowed to separate and it was found 
on analysis of the soap content of the aqueous lower layer and 
the concentrated emulsion in the upper layer that the emulsion 
had abstracted soap from the solution. Owing to the fact that 
the fatty acids are soluble in the oil the hydrolysis of the soaps 
and the subsequent removal of the fatty acid in the oil phase 
had to be eliminated by the addition of caustic soda. In this 
way the true quantity of soap at the oil-water interface could be 
determined. Some of the results obtained are tabulated below. 



g-s 

is 


at inter 
mols pel 
itre 

Area of inter- 
face X 10“^ 
per c.c. of oil 
in aq. cm. 

of ini 
occ ipi( 
by ] Bci 

of A 


II 

Cone 

mols 

’’2 cj 

Potassium stearate 

0-100 

0-01 

-0043 

7-60 29 

Potassium palmitate 

0-010 

0-01 

•0040 

7-60 31 

Sodium ideate 

0-100 

0-01 

-0028 

7-45 44 
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As a result of a number of experiments the mean areas of 
paraffin- water interface occupied by a molecule of the emulsifying 
soaps were obtained as follows. 



Mean area 
in A. 

Sodium oleate 

Potassium stearate 
Potassium palmitate 
Sodium ricinoleate 

48 

27 

30 

39-2^105-6 


It was found that if less soap were employed the emulsions 
were unstable. The experimental results agree with the con- 
clusion that the soaps exert their emulsifying powers on oil- 
water mixtures by going to the interface and coating the inter- 
face with a layer of soap approximately one molecule deep. 

As has already been noted in the case of the air-water interface 
the fatty acids are orientated with their polar carboxyl groups 
in the water phase; we might consequently anticipate that in 
the oil-water interface the same orientation would occur, the 
hydrocarbon chain being immersed in the paraffin phase and 
the polar — COONa or — COOK group in the aqueous phase. 

That inverted emulsions are formed with sodium and calcium 
soaps respectively indicates that such orientation per se is not 
the factor responsible for the type of emulsion. 

The effect of the addition of different emulsifying agents on 
the size of the emulsified particle as well as on the form of the 
distribution curve for the variation in size has been subjected 
to some examination. Finkle, Draper and Hildebrand {J.A.C.S, 
XLV. 2780, 1923) (see also Harkins, Science, mx. 463, 1924) have 
examined the emulsifying powers of the stearates and oleates of 
the metals, both with reference to the mean size of particle 
produced as determined by microscopic examination as well as 
the type of emulsion and its stability. A summary of their 
results for the system benzene-water emulsified with oleates is 
tabulated overleaf. 

The determination of the size-number distribution curve of 
emulsions by the microscopic method is liable to give erroneous 
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results owing to the difficulty in estimating both the number and 
size of the smallest of particles present. Elraemar and Stamm 
(J,A,G.S. xiiVi. 2709, 1924) have shown that the size-number 
distribution curve for oil in water emulsions may be obtained 
by observation of the rate of rise of the disperse phase in a 


Oil in Water. 


Soap ... 

Ca 

K 

Na 

Life of emulsion 

8 weeks 

8 weeks 

6 weeks 

Mean radius of 

14-5 m/Li. j 

19-6 m/x. 

27*5 m^i. 

emulsion particle 


Water in Oil. 


Soap 

Ca 

Ag 

Mg 

Zn 

A1 

Fe 

Life of emulsion 

1 hour j 

1 day 

2 days 

2 days 

7 days 

10 days 


2r2 = 


manner similar to that developed by Oden (Bull. Oeolog. Inst. 
Univ. Upsala, 16, 1916) based upon Stokes’ law, by observing 
the rate of sedimentation and the measurement of the time- 
accumulation curve of suspensions. The radius of a particle is 
readily obtained from the rate of rise on the assumption of the 
validity of Stokes’ law from the equation 

Ap.gr 

where x is the vertical movement in time t, tj the viscosity of 
the medium and Ap the difference in density between the two 
hquid phases. 

As the less dense disperse phase rises into some of the super- 
natant dispersion medium, the density decreases and its change 
with time can be measured. Ten per cent, benzene in water 
emulsified with 0*6 millinormal potassium palmitate and oleate 
was employed and from the accumulation curve the distribution 
curves were obtained. It was found that change in the phase 
ratio caused but little change in the size of the particle, the mass 
maximum forming an average radius of 8 * 8/1 with the palmitate 
and ll*l/i with the oleate. 

Stamm and Svedberg (J.A.O.S. xnvn. 1582, 1925) have like- 
wise employed Svedberg’s (J.A.C.S. xnv, 910-943, 1923; xnvi. 
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2177, 1924) method of observing the rate of movement of the 
disperse phase from observation of the change in intensity of 
light scattered by the particles when viewed at right angles to 
the source of illumination : the amount of scattered light is to 
a first approximation proportional to the number of particles 
present and to their mean area. 

In this investigation the mass maxima for the radii of 1 % 
benzene emulsions emulsified with the palmitates of caesium, 
potassium and sodium (0-5 millinormal) were found to be 
identical, namely 4*4 /x, results not in agreement with the 
maxima based upon countings obtained by Finkle, Draper and 
Hildebrand. A shift in the mass maximum with 0-5 millinormal 
potassium palmitate was obtained as the disperse phase was 
decreased, the values of the diameters being 


Vol. % benzene 

15 

10 

5 

2 

1 

0-5 

Radius at mass 
maximum, in /n 

10-2 

8-8 

8*8 

6*4 

4-5 

1*7 


The dispersity of an emulsion appears to depend as much on 
the mechanical method of preparation as on the nature of the 
emulsifying agent, although the relative size of the mass 
maximum according to Stamm {loc. oil.) appears to be somewhat 
infiuenced by the value of the spreading coefficient of the 
dispersed phase on water. The influence of the emulsifying agent 
both on the size of the mass maximum and on the type of emulsion 
formed has not yet been satisfactorily explained. Hildebrand 
(foe. cit.) suggested that both the size and in the limit the type 
of emulsion were determined by the relative cross-sectional areas 
of the hydrocarbon tails and of the polar heads, a large tail area 
and small head area as obtained in the trivalent salts permitting 
a curvature of the oil-water interface such that the oil became 
the external and thus the continuous phase; with monovalent 
soaps of the alkali metals the reverse was the case. This wedge 
theory of emulsions is, as we note, not supported by the work of 
Stamm. Numerous investigators have suggested that the type 
of emulsion found with various emulsifying agents is determined 
by the relative solubilities of the emifisifying agent in the two 
phases, that phase in which the emulsifier is more soluble being 
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usually the external or continuous phase. We may note some 
exceptions: thus fatty acids form benzene in water emulsions 
although they are more soluble in the benzene phase. Soap is 
appreciably soluble both in amyl alcohol and water, yet amyl 
alcohol disperse phases always result irrespective of whether the 
soap is dissolved in water or the alcohol. 

Emulsification produced by the addition of a dispersed solid 
to the two liquid phases must likewise be imagined to take place 
by reason of the solid going to the dineric surface (see p. 156) 
and being wetted but possessing a different angle of contact for 
each liquid. A microscopic examination of water emulsified in 
benzene stabilised with lamp-black indicated that this was 
actually the case. 



Evidently the lamp-black is more soluble in the benzene than 
in the water phase. On increasing the concentration of lamp- 
black in the mixture the curvature of the particles increases and 
the mean diameter of the emulsion decreases as noted by Moore 
{J.A.C.S. XLi. 944, 1919) who obtained the following figures. 


Weight of lamp-hlack 
per 10 c.c. kerosene in 
30 c.c. N .NH4CI (grm.) 

Mean diameter 
in mm. 

0-4 

•0651 

0-6 

•0462 

0-8 

•0367 


The above arguments explain Bancroft’s rule that a colloid 
^nulsifier causes the phase in which it is soluble to be the 
external phase. 

Donnan and Potts (Zeit. Koll. iv. 208, 1910) showed that the 
interfacial surface tension of a hydrocarbon water surface was 
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lowered by the sodium soaps of the fatty acids and the lowering 
was dependent on the length of the chain as indicated by the 
following data. 


Na salt of 

Relative interfacial surface tension of oil- water 
interface referred to unity 

N 

N 

N 

N 

N 

N 

N 

N 









10 


400 

“200 

100 

80 

40 

25 

20 

Acetic 

_ 

_ 

•995 

_ 

•970 


•937 

•876 

Propionic 

— 

— 

— 

— 

•946 

— 

•901 

•827 

Butyric 

— . 

— 

— 

— 

•945 

— 

•909 

•856 

Valeric 

— 

— 

— - 

— 

— 

•946 

•908 

•821 

Heptylic 

— 

— 

— 

— 

•939 

— 

— 

•754 

Caproic 

— 

— 

— 

•947 

•921 

— 

•869 

•780 

Caprylic 

•962 

— 

•895 

— 

•797 

— 

— 

— 

Capric 

— 

— 

— 

•835 

•730 

•630 

— 

— 

Nonylic 

•911 

•856 

•798 

•753 

•656 

— 

— 

— 

Laurie 

— 

•698 

•532 

•474 

— 

— 

— 

— 

MjTistic 

•585 

— 

— 

— 

— 

— 

— 

— 


Although all the sodium salts are, as is indicated by the 
lowering of the surface tension, adsorbed at the interface the 
concentrations necessary to effect emulsification are so great for 
the salts of the short chain fatty acids that precipitation by the 
sodium ions results before the protective film can be built up. 
The first signs of emulsification are noted in the case of sodium 
caprate and sodium nonylate coinciding with the appearance of 
colloidal properties on solution. 

The emulsifying agent need not possess colloidal properties in 
either phase, as is shown by the experiments of Holmes 
{Colloid Symposium, ii. 135) who showed that methyl and ethyl 
alcohols would emulsify benzene in water, whilst propyl and 
butyl alfcohols were inferior. Iodine will act as an emulsifying 
agent for ether and many esters in water. In this case also 
iodine is more soluble in the disperse phase than in the dispersion 
medium. 

We may observe that it is not necessary to regard the process 
of emulsification as only dependent on the magnitude of the 
interfacial surface tension, but this necessarily decreases and the 
emulsiffcation of two phases occurs more readily as the mutual 
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miscibility of the phases increases : a substance soluble in both 
phases likewise increases the mutual miscibility. 

If we regard the interphase between dispersion medium and 
disperse phase as composite, containing perhaps not only an 
>oridhtated unimolecular layer of dispersing agent but also both 
phase materials in quantities sufficiently large that the inter- 
phase may be regarded as possessing different surface tensions 
on each side, i.e. as a composite layer, that side with the lower 
surface tension will naturally present a concave surface and will 
as a result form part of the continuous or external phase. This 
point of view has been emphasised by Bancroft {J.P.G, xvii. 
616, 1914 and Tucker, ibid. xxxi. 1681, 1927) who points out 
that this suggestion is implicit in Gibbs' treatment of the 
possibilities of the formation of a separate phase at the surface 
where two different homogeneous phases meet (Gibbs, vol. i. 
p. 268). Lyons from an examination of the influence of the 
hydrogen ion concentration on the emulsifying powers of sodium 
palmitate on the system benzene-water finds that the stability 
of the water in oil phase is very low in solutions less alkaline 
than Ph 10, whilst the oil in water phase attains its maximum 
stability at that P^- The stability of the former phase increases 
steadily to Pj£ 12, after which it falls due to salting out of the 
soap. Both types of emulsion were found to be unstable below 
Pg 8. These observations suggest that emulsification is de- 
pendent on the presence of an interfacial bimolecular leaflet (see 
p. 112, Ch. m), whilst a unimolecular film gives no tendency to 
emulsion formation. 

A composite double film consisting of PNaHP and soap will 
be equally packed on either side. On solutions less alkaline than 
P]g 10 the lower or aqueous layer will be less densely packed 
than the upper layer at equilibrium, and the equilibrium state 
must be reached by one of two processes, a transference of 
molecules across the interface or the curvature of the boundary 
giving an oil in water emulsion. On very alkaline solutions 
water in oil emulsions are formed for similar reasons, whilst 
over the range where a symmetrical bimolecular layer is 
notable either form of emulsion is stable. On this view phase 
inyersion by polyvalent ions is due to a relative increase 
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in the concentration in the lower layer of the bimolecular 
leaflet. 

14. The phase inversion. 

We have noted that sodium salts of fatty acids will*form an 
oil in water emulsion, whilst the addition of calcium salts yields 
a water in oil emulsion. On the addition of both sodium and 
calcium salts to the oil-water mixture it is evident that with 
suitable adjustment of the sodium soap to calcium soap ratio in 
the aqueous phase a condition of affairs may be reached such 
that the composition of adsorbed mixed soap at the dineric 
surface may be so adjusted as to give an equal curvature to each 
side of the interface. This state was first realised by Clowes 
{Journ. Phys, Ghem, xxix. 407, 1916) who showed that with a 
sodium to calcium soap ratio equal to 4 : 1 (in molar ratio) the 
emulsion was unstable, a slight excess of sodium ions converting 
it into the oil in water type, a slight excess of calcium ions 
resulting in a water in oil emulsion. On the hypothesis of a 
unimolecular orientated soap film, indicated above, we must 
imagine that the interfacial film contains both adsorbed sodium 
and calcium soap. The inversion point is readily determined by 
the abrupt rise in electrolytic conductivity when the con- 
tinuous oil phase is inverted to the continuous electrolyte 
containing water phase. 

The inversion point of a number of salts for such emulsions 
has been investigated by Bhatnagar* (J.C.S, oxvn. 542, 1920), 
but unfort imately no data on the interfacial adsorption of the 
mixed salts are available as yet. 

Some of Bhatnagar’s data are tabulated below. 


Emulsion: 10 c.c. water, 10 c.c. oil. 
Emulsifying agent: potassium oleate. 


Amoimt of soap 
in millimols 

Millimols salt added to invert the emulsion 

Ba(NO,), 

Ca(N 03)2 

Pb(N 03)2 

Cr^CSOJa 

Al,(SO.). 

0080 

2 X 0199 

2 X 020 

2 X 0198 

•017 

•017 

0100 

2 X *0281 

2 X 027 

2 X 0262 

•019 

•017 

0161 

2 X 0410 

2 X -042 

2 X -0400 

•028 

•026 

0162 

2 X 0421 

2 X -044 

2 X 0440 

•030 

•027 


Trans, Farad. Soc. xvi. 27, 1921. 
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According to his data the power of the various ions to reverse 
the phases followed this order: 

A1‘** > Cr’" > Ni“ > Pb" > Ba” > Sn”, Ca", 

The explanation of stabilisation and phase inversion advanced 
above has, as already noted, received support from the experi- 
mental data on the effect of soaps and the salts of the fatty acids. 

Emulsions can however be stabilised and inverted by the 
addition of salts of the inorganic and simpler organic acids. 
Thus with olive oil and water Clowes (Roll. Zeit. xv. 123, 1914) 
noted a phase inversion from oil in water to water in oil with the 
following salt pairs, the second salt producing the invert water 
in oil emulsion. 


Salt pair 

J 

Mol ratio at 
inversion point 

NaOH 

Ca(OH)2 

2:1 

Na citrate OaCk 

2:1 

NaOH 

CaCla 

4:1 

NaCl 

CaCIg 

100: 1 


We have already referred to the experiments of Bhatnagar 
on the effect of inorganic salts on phase inversion of paraffin 
emulsions stabilised with soaps, and similar conclusions have 
been arrived at by Parsons and Wilson («7. Ind. Eng. Chem. xiii. 
1119, 1921) utilising a purified mineral oil. They state however 
that no critical ratio of magnesium to sodium oleate could be 
obtained at which the emulsion was at the inversion point since 
two emulsions, the one the invert of the other, were always 
obtained. The work of Baur (see p. 364) has demonstrated quite 
clearly that the inorganic ions are oil soluble and that the 
difference between the partition ratios of cation and anion 
between oils and water may give rise to interfacial potential 
differences as well as interfacial concentration differences of 
cation and anion on each side of the interface. The difficulty of 
obtaining stable emulsions with a fat-free paraffin and inorganic 
soluble salts indicates however that these effects are relatively 
unimportant compared with those obtained with molecules 
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which are definitely non-polar in character but containing a 
polar group. It is thus probable that the var 3 nng ratios of salts 
obtained for the inversion points with water-oil systems where 
the oil consists of a glyceride of a fatty acid are to be attributed 
to metathesis of the salt with traces of fatty acids present in the 
oil resulting in the production of soaps rather than the specific 
ionic adsorption. A careful examination of the emulsifying 
powers of inorganic salts on benzene or paraffin oil-water 
systems from which all traces of fatty acids or alcohols have 
been removed is evidently desirable in this connection. We find 
for example that neither Briggs (J. Ind. Eng. Chem. xiii. 1009, 
1921) nor Harkins {J.A.C.S. xxxviii. 242, 1916) could obtain 
any evidence for any stabilising action of sodium chloride in a 
water-benzene mixture. In commercial olive oil however a 
noticeable stabilisation is obtained but the aqueous solution 
becomes slightly acid, as would be anticipated if metathesis 
occurred with simultaneous adsorption of the liberated soap 
NaCl + ,,COOH -> C^Ha.+iCOONa -h HCl. 

The soaps are in all probability not produced during emulsifica- 
tion by hydrolysis of the glycerides but from impurities present 
in the oils, since olive oil may be prepared in sufficient purity 
as not to be affected by the addition of caustic soda, the following 
figures being obtained by Donnan {Zeit. phys. Chem. xxxi. 42, 
1899) for the drop numbers of purified and ordinary olive oil in 
water and caustic soda. 



Drop number in 


HjO 

N/lOOONaOH 

Ordinary 

58 

331 

Purified 

58 

58 


15. The ageing of emulsions. 

By means of mechanical dispersion emulsions may readily be 
prepared; these however are unstable and on standing the 
emulsion may break and separate almost completely into the 
two phases. Instability of emulsions prepared with emulsifying 
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agents such as saponin and protein matter may be ascribed to 
changes occurring in the protective film such as the irreversible 
coagulation noted by Ramsden (toe. cit.)\ the film thus becomes 
brittle and eventually cracks, leading to a separation of the 
emulsified phase. The cracking of emulsions stabilised with 
soaps on prolonged standing can be attributed to the gradual 
transformation of the dense soap film at the interface into curds 
as noted by McBain. In some cases however the protective film 
appears to become more resistant with age and the apparent 
stability of the emulsion increases instead of decreasing on 
standing. Such is the case with gelatine (Nugent, Trans. Farad. 
8oc. xvn. 703, 1922) where the gelatine film apparently gets 
thicker on standing. 

Nugent noted that caustic soda broke a benzene-water 
emulsion stabilised with gelatine, and that the breaking was 
preceded by an inhibition period which increased with the age 
of the emulsion as instanced by the following figures. 


Age of emulsion 
0-4 % gelatine 
(hours) 

Inhibition period 
on treatment 
with 0*5 N.NaOH 
(minutes) 

0 

0 

2 

35 

6 

45 

12 

65 

24 

60 

48 

70 

72 

75 


Nugent assumes that the gelatine film increases in thickness 
with age and that the caustic soda strips the film layer by layer. 
The inhibition period is thus a measure of the thickness of the 
gelatine layer which evidently on this view increases with age. 
After 72 hours ageing the inhibition period was found to be 
constant at 75 minutes, the adsorbed gelatine film now being in 
true equilibrium with the gelatine in solution : this limiting 
Inhibition period varies with the gelatine content of the emulsion 
ias indicated in the following table. 
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Gelatine 

concentration 

% 

Limiting in- 
hibition period 
(minutes) 

010 

0 

012 

5 

015 

15 

0-20 

25 

0-40 

75 


The mechanism of the breaking of the protected gelatine 
emulsion with soda is by no means clear. On the assumption 
that the gelatinate ion exerts but little stabilising action on the 
emulsion by reason both of its solubility and its negative charge 
we may regard the reaction as a simple diffusion reaction of 
hydroxyl ions with the gelatine surface, 

gelatine -h NaOH Na gelatinate + HgO, 
thus being a reaction of zero order, whence 
dx j 

-j- = k or X kt. 
at 

The thickness of the film removed is thus directly proportional 
to time of inhibition, a conclusion confirmed by the figures given 
above. It is however somewhat singular that the adsorbed 
gelatine film should acquire a thickness which is directly pro- 
portional to the bulk concentration. Iso-electric gelatine is 
however but sparingly soluble in water and, although the first 
layer of gelatine may be produced by adsorption, subsequent 
layers may result as a process of removal of supersaturation by 
condensation on these layers. 
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THE GAS-SOLID INTERFACE 

1. Adsorption. 

A gas or vapour brought into contact with a solid will be 
adsorbed onto the surface to an extent which is dependent on 
several factors, the nature of the gas and solid, the partial 
pressure of the adsorbate and the characteristic structure of the 
solid. This phenomenon of adsorption is however frequently 
complicated by solution or absorption in the solid to form either 
solid solutions or compounds. The term sorption has been 
proposed by McBain to include the two phenomena of absorp- 
tion and adsorption. Whilst our attention will be chiefly directed 
to the characteristics of adsorption we shall note that it is 
frequently difficult to eliminate or to separate the effects due 
to the other causes. 

2. The surfaces of solids. 

The difficulties in examination of the properties of a gas-solid 
interface are enhanced by the fact that in contrast with the gas- 
liquid interface the surfaces are rarely plane. An attack on the 
properties of the interface presented by single and uniform facets 
of crystals is only in the initial stages. In general the solids 
examined are composite in structure. We may distinguish three 
separate configurations of solid each of which appears to 
exhibit characteristic and distinct properties : firstly the uniform 
surfaces of the crystal facets, secondly macrocapillaries of such 
a size that in condensation of vapours the Kelvin equation 
(p. 41) is foiuid to hold, and thirdly microcapillaries or fissures 
of such small dimensions that the Kelvin equation is no longer 
a^pplicable. In addition to these structures we may note that 
the edges of elementary crystal facets, amorphous surfaces, 
strained and partly disintegrated crystal lattices present a series 
of forms of extreme complexity. 
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Crystals, 


In order to break the regular space lattice of a crystal a certain 
amount of energy must be expended, leading to ultimate dis- 
integration to a gas when the energy expenditure is equal to the 
latent heat of sublimation. The cleavage of a crystal is accom- 
panied by an increase in the surface area and a slight cooUng of 
the crystal surface, and if the work required to separate a crystal 
of unit cross-section be u the relationship between the change in 
the total surface energy u and the free surface energy or is given 
by the Gibbs-Helmholtz equation 


(7 


u = 


dT‘ 


The fact that the surface atoms in the plane of a crystal lattice 
surface possess the power of cohesion can also be demonstrated 
readily by such examples where clean pieces of platinum can be 
welded together, the joining of optically smooth glass surfaces 
and the virtual coalescence of clean sheet mica under sHght 
pressure. The cohesive power of the surface atoms of one 
cleavage plane of a crystal face is not limited to the atoms in the 
other cleavage face but may be exerted on substances entirely 
dissimilar to the crystal in composition. Atoms in a crystal may 
in fact be regarded as surrounded by a field of force, and 
although there is but little residual attraction within the crystal, 
where each atom is situated symmetrically as regards the 
electrical forces of cohesion, the unsaturated character or the 
intensity of this field assumes large values in the space in 
juxtaposition to the crystal surface. 

The surface of a crystal is thus chemically unsaturated and 
the existence of a definite surface energy is due to the fact that 
the surface is unsaturated. Since the surface of a crystal consists 
of a regular lattice of orderly distributed atoms or ions the 
surface adhesional forces may be regarded as being distributed 
over the centres of these atoms (Haber, J.C.S.I. xxxm. 50; 
Zeit. f. Elehtrochem, xx. 621, 1914) although in all probability 
these points represent maxima in a continuous field. 

The existence of a surface energy affects both the growth and 
stability of crystals in equilibrium with their vapour or their 
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eattirated solutions*. In the growth of crystals in solution we 
note not only additional proofs for the existence of a surface 
energy of solids but that crystals develop those facets such that 
the interfacial surface energy will, for equal values of the forces 
of crystallisation, become a minimum. Similar considerations 
apply to crystals in contact with their vapour, the growth of 
the surface in which the packing of the atoms or ions produces 
a minimum value of the surface energy will be favoured, 
although such free development is frequently modified by such 
factors as thermal conductivity and diffusion playing a part in 
limiting the rate of crystal growth. 

The problem of the variation in the surface energies of various 
crystal facets can be attacked from several points of view. 
Bravais first noted that those planes of a crystal which were 
most densely packed and were also separated most distantly 
from the neighbouring parallel plane were those which appeared 
most frequently in crystals ; he noted also that a closely packed 
surface was usually associated with a wide interplanar distance 
and vice versa. Later Willard Gibbs indicated that the most 
stable planes on a growing crystal were those possessing the 
least interfacial surface energy. We thus arrive at a general 
inference that close packing and a wide interplanar spacing 
lower the free energy of the surface. Vale ton (Phys. Rev. xxi. 
106, 1920), Niggli {Zeit.f, anorg. und angew. Chem. cx. 55, 1920) 
and Tertsch (Zeit. f. anorg. Chem. cxxxvi. 205, 1924) have 
attempted to correlate the rate of growth of a crystal face with 
the interplanar spacing. Thus in a face centred cubic crystal of 
the rock-salt type the interplanar spacings for the 100 : 110 : 111 

planes are in the respective ratios ^ , whilst the 

velocities of growth of the three planes are in the ratio 1 : V2 : Vs. 
The 111 plane growing most rapidly possesses the maximum 
adhesional surface energy and is thus the least stable, the 
100 planes being those which possess the least surface energy and 

*1* The existence of directive forces at heteropolar surfaces is likewise to be 
; inferred from the orientation observed in the ciystallisation of sodium chloride 
^ oh Cavite or of potassium chloride on mica, and from the behaviour of liquid 
dystalis on such surfaces. 
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thus appear most frequently.* Evidently the surface energies, 
and thus the growth rates, are not dependent solely on the inter- 
planar distances, but we must ascribe different valencies or 
adsorptive powers to the planes themselves. 

Tertsch assumes that these stand in the ratio 


100 : 110 : 111 :: 1 : 1 : 2 , 


thus giving rise to velocities of growth 


1 

2 


X 1 


\/2 

2 



X 


2 


or 1 : a/2 : a/ 3 , the observed velocities. 

Between the alternate Na* and Cl' planes, although the prob- 
ability of attachment of a Cl' to a Na* plane is twice as great as 
its probability of attachment to a mixed plane containing both 
Na* and Cl', in building up several layers the mean probability 
of growth for such surfaces will be identical with that of a mixed 
plane. 

As justification for this somewhat arbitrary assignment of 
different degrees of unsaturation or valencies of the ions or 
atoms in the various planes we may note that any ion in the 
interior of a face centred cubic crystal may be regarded as the 
centre of a shell containing six groups of opposite sign round it. 
An ion in the 100 plane has only five groups of opposite sign 
roimd it and requires one more to complete the six which may 
be regarded as its coordination number, whilst ions in the 110 
and 111 planes require two and three ions respectively to com- 
plete their sets. 

Again we may note that the density of surface packing of 
atoms or ions in the various planes of a crystal are in the inverse 
ratio to the interplanar distance, and consequently instead of 
assuming an increase in attractive power varying as the inter- 
planar distance we may assume that the attractive power falls off 
as the density of packing of the atoms on the surface increases. 

In a face centred cubic crystal of atomic volume V the packing 
density is given overleaf (Langmuir, t/. A. C'./S'. xxxvni. 2748,1916). 

We have noted however that neither the interplan£w spacing 
nor the packing density of the planes is a sufficient criterion of . 
stability; for, in rock-salt, copper and silver the more open 100 is 
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the most stable facet, whilst in* gold and platinum the more 
closely packed 111 planes are the most stable. 


Face 

No. per sq. cm. 

100 

6-66 X 10“ 

110 

4 02 X 10“ 

111 

6-57 X 10“ V “ * 


Not only must we consider the crystal facets themselves from 
this point of view as differentiated in their respective surface 
energies but, if we consider the comers and edges common to 
two crystal surfaces, we note again that the cohesion of atoms 
so situated in respect to the mother crystal is far weaker than 
that for atoms actually in one of the surfaces and we should 
anticipate that the adhesional energy of such atoms, or the 

100 


010 


external field, will be greater for these edges and corners than 
for the planes. A crystal imdergoing a process of growth or 
solution will be found to possess a step-like structure. Atoms 
at the comers of the individual steps (a a) are more reactive 
than atoms in the planes themselves. Thus simple crystals 
undergoing evaporation or solution will develop the more com- 
plicated facets and adsorption on crystals will tend to be 
greatest on the edges and comers. 

The surface energies of simple crystals have been examined 
from the point of view of the lattice energy of heteropolar com- 
pounds by Bom {Atomtheorie des festen Zustands, 2nd ed. 1923), 
by Lennard Jones and Taylor {Proc. Roy. Soc. A, cn. 496, 1926), 
ibid, ajtid Dent (ibid, cxxi. 248, 1928), and Dent (Phil. Mag. 1. 
vra. 530, 1929). 
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Salt 

NaF 

NaCl 

KF 

KCl 

O', dynes per cm. for 
i 00 plane 

304 

96 

180 

76-6 

o-obs for molten salt 

— 

66-6 

— 

69-3 


Similar computations have been made for the edge energies of 
such cubic crystals. Lennard Jones and Taylor (Zoc. cit.) gave the 
following values : 


Salt 

Edge energy 

NaF 

513 

KF 

3-95 

NaCl 

3-97 

KCl 

306 


Agglomerates. 

The rapid condensation of a vapour to a solid at low tem- 
peratures or the drying of a hydrated oxide results in the 
formation of an agglomerate of atoms or molecules (Langmuir, 
Phys. Rev. viii. 149, 1916) which, if possessed of sufficient 
mobility after condensation, wiU arrange themselves in crystals 
possessing a minimum of surface and lattice energy/ The 
mobility of the atoms or molecules is provided by the kinetic 
energy of thermal agitation and at low temperatures such an 
agglomerate will be relatively stable. The agglomerate will, as 
we have noted above, possess a more intense surface field of 
force and a greater free surface energy than a crystal. It will 
be more highly unsaturated (Kiister, Lehrbuch d. allg. Physik^ 
p. 189, \^lQ\Vaw\ovf,Zeit.phys.Chem. Lxxxvm. 316, 1920), exert 
a higher vapour pressure than the crystalline forms, and exhibit 
greater powers of adsorption. Substances capable of crystalhsing 
in two or more allotropic modifications will likewise possess at 
all temperatures, with the exception of the transition tempera- 
tures, different surface energies, and will consequently exhibit 
differences in adsorptive powers although smaller in magnitude 
than in the case considered. 

On elevation of the temperature unstable allotropes become 
converted more rapidly than at low temperatures into the stable 
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modification, and the increased mobility of atoms at high 
temperatures produces a similar modification in the rapidly cooled 
conglomerates or amorphous substances; this conversion into 
the crystalline accompanied by a grain growth or a conversion 
of the microcrystaUine into the macrocrystalline state is 
termed sintering : the preliminary stage in annealing. 

If a high degree of dispersion on a support material be attained 
not only will there be an extension of the gas-solid interface but 
the relative area of the irregular or loosely packed and cata- 
lyticaUy active surface will be augmented. The high catalytic 
activity of metals deposited as mirrors on glass (Hinshelwood, 
Hartley and Topley, Proc, Roy, Soc. A, o. 526, 1922) or on- silica 
gel and the protected catalysts utilising gelatine, gum arabic or 
lysalbinic acid is due to the artificial stabilisation of these 
reactive patches. Thus “activation” by alternate oxidation and 
reduction involves two processes, the extension of the gas-solid 
interfacial area and the disruption of the crystal lattice. 

On sintering the surface activity progressively becomes less 
as is indicated by data on the adsorption of gases and reduction 
in catalytic activity. 

If metals are deposited from vapour on highly cooled surfaces 
their •adsorptive powers are remarkably great, thus we have 
found that platinum deposited by evaporation on a liquid air 
cooled glass surface will absorb nitrogen with great facility, the 
initial quantity adsorbed approximating to the ratio Pt : Ng : : 1 : 1. 
A similar great adsorptive power and instability has been 
observed by Frankenburger and Mayrhofer (Z, Elektrochem, 
XXXV. 690, 1929) in the case of hydrogen by iron deposited by 
vaporisation. These deposited films sinter readily even at the 
temperature of melting ice. The sintering or collapse of these 
finely divided metals is attended with a decreased adsorption 
capacity for the gas. Frankenburger and Mayrhofer point out 
that the crystallisation rate as determined by the capacity for 
adsorbing hydrogen may be greatly reduced by the presence of 
foreign substances such as sodium chloride. 

Unfortunately such data do not permit of calculation of the 
cliaii^ in adsorption per sq. cm. caused by the gradual readjust- 
inent of the atomic positions into the stable coi^gurations. 
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since during the process of sintering the superficial surface 
undergoes contraction as well as a modification in structure. 

We are indebted chiefly to Smekal (Ver. Deut, Phys. Ins, vi. 
60, 1926; Phys. Zeit, xxvii. 837,^1926; Ann, phys, Chem, 
Lxxxin. 1202, 1927; Z, Elektrochem, xxxiV. 477, 1928; Zeit, f, 
Physik, Lvi. 1929) for pointing out that, from various properties 
of an apparently homogeneous crystal (of a metal or salt) such 
as the hardness, the process of autodiffusion, and the optical and 
electrical behaviour, it would appear that there exist a number of 
minute cracks, fissures or grain boundaries of small dimensions. 
Crystals consist on this view of a mosaic of small blocks. This 
structure, as pointed out by Zwicky (Proc, Nat, Acad, Sci. xv. 
253, 816, 1929) (cf. Lennard Jones and Dent, Proc, Roy, 8oc, A, 
cxxi. 247, 1928), will extend to the surface for, due to electrostatic 
forces, the surface of a solid tends to contract and this contraction 
results in the formation of blocks of a definite average size from 
10“^ cms. to 100 A. separated from each other by fissures. 
The size of the fissure is estimated by Zwicky to be about 
100 A. and some 50 A. deep. Kapitza {Proc, Roy, Soc, A, cxix. 
368, 1928) has likewise presented evidence for the existence of 
such fissures from the increased conductivity exhibited by 
apparently perfect crystals of bismuth resulting on compression 
(cf. Quinney on the behaviour of single and poly crystal iron, 
Proc, Roy. Soc. A, exxiv. 691, 1929, and Griffith, Phil. Trans. A, 
ccxxi. 163, 1920). 

Wyckoff and Crittenden {J.A.C.S. xlvii. 2876, 1925) noted 
from X-ray determinations that iron catalysts prepared by 
reduction after addition of alumina and potash to the oxide 
possessed a particle size of 10“^ cms. to 100 A. and that such 
“promoted” catalysts showed no signs of grain growth on 
heating to 650° C. for four hours. Feitknecht (Z. Elekt. xxxv. 142, 
1929) obtained a similar range in particle size for the oxide films 
formed on copper at 180° C. These experiments go far to confirm 
the conclusions of Smekal in respect to the mosaic-like or granular 
structure of solids even when apparently uniformly crystalline. 

3. The specific surface of solids. 

Since in general sohds possess such irregular surfaces as well 
as cracks and fissures which may be submicroscopio in size, the 
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estimation of the specific surface is a matter of some difficulty. 
It is clear that, when we consider skeleton growths of atoms 
and cracks of molecular dimensions, there is a considerable 
latitude even in the definition of specific surface; it is more 
correct to speak of accessible surface, denoting the extent of 
surface which can be reached by the reactant under con- 
sideration. 

Several different direct methods have been developed for the 
determination of the accessible surfaces of solids. The simplest 
in practice consists essentially in determining the initial rate 
of solution in a soluble reagent of a given mass of the solid and 
comparing the quantity entering into solution in a given time 
with the quantity dissolving from a smooth known area of the 
same material. This method has been employed by Schmidt 
{Zeit, physikal, Chem. cxviii. 236, 1925) and by Durau (Zeit. f. 
Physiky xxxvii. 419, 1926) and Wolff (Z. angew, Chem. xxxv. 
138, 1922) for the estimation of the areas of reduced nickel and 
of powdered glasses. The rates of solution {vide p. 283) from 
different portions of crushed glass and of sintered metals are 
however by no means uniform and the method cannot be 
considered as more than semi-quantitative in character. 

Paneth and his co-workers {Zeit. Elektrochem. xxvm. 133, 
1922; Zeit. physikal. Chem. ci. 445, 480, 1922; Ber, LVii. 1215, 
1924) have shown that the specific surface of relatively insoluble 
salts such as lead sulphate can be determined with the aid of an 
isomorphous radio-active salt, e.g. the sulphate of thorium B. 
If the concentration of a solution of thorium sulphate be 
determined by electroscopic methods before and after agitation 
with a known weight of lead sulphate, the ratio of the distri- 
bution of thorium ions in solution to those adsorbed by the 
lead sulphate will be identical with the ratio of lead ions in 
solution to those present on the solid sulphate surface. By this 
method the total number of lead ions in the surface of a gram 
of material may be determined, but the exact evaluation of the 
area is dependent on assumptions as to the nature of the packing 
and area of the lead and sulphate ions present in the surface. 
A modified method for insoluble salts possessing no radioactive 
isomorph has been elaborated by Hahn and Muller {Zeit. 
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Elektrochem, xxix. 189, 1923; Ann. d. Ghent. coccxL. 121, 
1925; Sitz. Preuas. Ahad. xxvi. 535, 1929), 

A third method, based upon the observations of Tammann 
(Zeit.f. anorg. Ghent, cxi. 78, 1920; cxxiv. 25, 1922) that metals 
exposed to oxygen or to vapours of the halogens develop 
briUiant “temper” colours due to Newtonian ring interference 
caused by the presence of thin films of oxide or halide on the 
surface, has been developed by Dunn (Proc. Roy. Soc. A, ci. 203, 
1926) and in some detail by Constable (Proc. Roy. Soc. A, cxvn. 
376, 1928; cxix. 196, 1928). The thickness of such an oxide or 
halide film, if pure, can be determined from a knowledge of 
the refractive index of the film-forming material and the inter- 
ference colour observed with the aid of Newton’s equation. 
From a knowledge of the film thickness and either the increase 
in weight or decrease in electrical conductivity (Constable) of 
the metal after exposure or the amount of reactive gas taken 
up by the metal (Dunn) the specific surface may be evaluated. 
We may observe that the effect of irregularities in the surface 
of the order of a half wave length of light on the specific surface 
could not be evaluated with certainty by this method ; this would 
give for a surface of maximum irregularity within these limits 
an undervaluation of about four times the true specific 
surface. 

We may include amongst the direct methods the work of Bow- 
den and Bideal (Proc. Roy. Soc. A, cxx. 63, 1928) on the electro- 
deposition of hydrogen at metallic surfaces. It was found that 
the quantity of electricity passed across the interface in order 
to cause a given increment in cathode potential was the same 
for liquid electrodes such as mercury, mercury amalgams, 
gallium and Woods metal but was considerably greater for solid 
metals. From a measurement of this quantity of electricity it 
was possible to determine the accessible areas of the metallic 
surfaces. A few of these are given overleaf. 

Wilkins (Nature, oxxv. 236, 1930) has likewise pointed out 
that it should be possible to effect a measurement of the specific 
surface of solids from the rate of evaporation from the surface or 
from the rate of surface attack by gases, under the conditions 
when the rate is proportional to the gas pressure. 
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Surface 

Accessible area 
per apparent 
sq. cm. 

Solidi^ed alloy 

1*4 

Smooth platinum 

21 

Carbon rod ... 

300 

Freshly etched silver 

51 

Aged etched silver ... 

37 

Sandpapered nickel . . . 

9*7 

Anneal^ nickel 

7-7 

Rolled nickel 

3-5 

Fresh activated nickel 

46 

Old activated nickel 

29 


If the Herz-Knudsen equation is really exactly applicable to 
condensation of a vapour of a substance on a surface of the 
material in the solidified form, any difference between the ac- 
cessible area and apparent area will result in miscalculation of the 
vapour pressures of solids determined from rates of vaporisation. 

The rate of surface attack can be expressed in the form 
dx 
dt 


= Ane 


E 
' kT 


where A is the true area of the surface, n the number of collisions 
per sq. cm. per second which the impinging gas makes with the 
surface and E the critical energy increment of the surface 
reaction. From measurement of the velocities of reaction over a 
range of temperature and a knowledge of n at different pressures 
both A and E (see p. 251) can be evaluated. Wilkins finds from 
Langmuir’s data (J.A,C,S, xxxv. 105, 1913; xxxvn. 1161, 1915) 
for the oxidation of tungsten wire that the specific surface 
was 1*2. From the oxidation rate of a platinum wire the specific 
surface was foimd to be 22 and for copper which possessed an 
oxide film on the surface the accessible area was reduced to 
1/50 of the apparent surface. 

Of the indirect methods employed for the estimation of the 
sx>eoific surface may be mentioned those based upon the 
hjrpothesis that surface saturation with an adsorbate is effected 
when it covers the surface completely with a unimolecular layer. 
A most exhaustive examination of the surface areas of various 
forms of charcoal has been made by Paneth and Badu {Ber, 
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liVn. 1221, 1924) who, on the assumption that a saturation 
maximum is obtained when the surface of charcoal is covered 
with a unimolecular layer of adsorbate, obtained the following 
values. 


Adsorbate 

Animal charcoal 

Wood charcoal 

Mols adsorbed 
per grm. x lO"^® 

Surface in 
sq. metres 

Mols adsorbed 
per grm. x 10““ 

Surface in 
sq. metres 

Methylene blue 

3*94 

220 

1-81 

101 0 

Methyl green 

2-56 

190 

1-26 

95-0 

Ponceau 2R 

1-90 

119 

0-98 

56-2 

Pb(N03)a 

607 

123 

216 

46-2 

Acetone 

18-50 

452 

1100 

2680 

1 


Adsorbate 

Bone charcoal 

Sugar charcoal activated 

Mols adsorbed 
per grm. x 10““ 

Surface in 
sq. metres 

Mols adsorbed 
per grm. x 10 ““ 

Surface in 
sq. metres 

Methylene blue 

1-14 

68-0 

0-44 

24-8 

Methyl green 

1-54 

114-0 

0-26 

19-2 

Ponceau 2R 

1-65 

103-0 

— 

— 

Pb(N 03)2 

4-50 

97-8 

0-61 

13-2 

Acetone 

14-70 

359-0 

2-29 

55-9 


The high values obtained with acetone were attributed to 
penetration ■within the pores of the charcoal. 

An interesting series of values for the specific surfaces of 
various artificial silks was hkewise obtained with the aid of 
methylene blue. The following data indicate the wide variations 
in specific surface. 

Type of silk Nitro-silk Cupro-cellulose Acetic silk 

Specific surface 1820 466 28 

It is to be noted that the assumption of equahty of accessible 
areas to various adsorbates is not supported even by these data 
and furthermore the saturation maximum of a semi-colloidal 
or coUpidal dye-stuff is, as we shall note, dependent on its 
dispersity which in many cases is dependent on the acidity of 
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the solution. In spite of these objections the method is con- 
venient and quick, it gives repeatable results and for com- 
parative purposes, at least, leaves nothing to be desired. 

4, Phase discontinuities. 

We have noted how the free surface energy of a solid surface 
may be affected by the atomic or ionic configuration in the 
surface, the individual facets, edges, corners and unstable 
agglomerates all possessing different values. 

The adsorptive and reactive powers of an atom may be 
affected not only by juxtaposition of atoms of the same material 
around it in different configiuations and at different distances 
but also by the juxtaposition of atoms of different materials. 
Two such cases of “promoter” action may be distinguished. 
One, which has not been examined in great detail, is observed 
in cases where the adsorption of two gases by a chemically 
imiform material affects mutually the strengths of union of the 
gases to the solid ; thus the rate of reaction between hydrogen 
and liquid sulphur is at a maximum when the surface is covered 
with both hydrogen and oxygen (Norrish and Rideal, J,C,8. 
cxxm. 1689, 1923). The other and more important case is 
obtained when the extraneous or foreign matter is incorporated 
in the solid. Many chemical reactions are observed to proceed 
only at the boundary or interface between two solid phases, and 
consequently in two-dimensional systems only along the line 
botmding two two-dimensional phases. 

Faraday {Experimental Researches) observed that a crystal of 
a hydrated salt placed in a desiccator did not lose water unless 
a discontinuity in the surface of the crystal was produced by 
a scratch; efflorescence then proceeded autocatalytically at the 
ev^ increasing interface between dehydrated and hydrated salt. 
We note two points of interest, firstly the increased activity of 
the scratched or fractured portion, and secondly that of the 
interface. In addition to the desiccation of salts, as for example 
hydrates of barium chloride and copper sulphate investigated 
by Qpowther and Coutts (Proc. Roy, 8oc. A, ovi. 216, 1924) or the 
^Eji^oval of combined ammonia in amines, e.g. CUSO 4 6 NH 4 
, (Predwoditelew and Witt, Zeit,physikal, Chem, oxxxii. 47, 1928)^ 
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a number of chemical reactions in solids proceed at such inter- 
faces. Langmuir (J.A.C.S. xxxviii. 2263, 1916) pointed out that 
this was probably the case in the decomposition of calcium 
carbonate, and Centnerszwer and his co-workers (Zeit. physikal. 
Chem. CXI. 79, 1924; cxv. 365, 1925; cxix. 405, 1926; cxxm. 
127, 1926; J.P.G, xxix. 733, 1925) (see also Brazs, ZeiL physikal. 
Chem, cxLiVii. 3, 1929) have examined the decomposition of 
several other carbonates from this point of view. The decom- 
position of silver oxide (Lewis, Zeit. physikal. Chem. lii. 310, 
1905), silver oxalate (Macdonald and Hinshelwood, J.C.S. cxxvii. 
2764, 1925), potassium hydrogen oxalate (Hume and Colvin, 
Proc. Roy. Soc. A, cxxv. 636, 1929), permanganates (Sieverts 
and Theberath, Zeit. phyeikal. Chem. c. 403, 1922; Rojinsky 
and Schulz, ibid, cxxxviii. 21, 1928) may likewise be cited as 
examples of such reactions in solids. 

Cases of physical change at solid-solid interfaces are quite 
common, the monoclinic rhombic sulphur conversion (Frankel 
and Goetz, Zeit. anorg. Chem. cxliv. 45, 1925; Hume and 
Colvin, Phil. Mag. viii. 590, 1929) and the allotropic trans- 
formation of yellow mercuric iodide (Kohlschiitter, Roll. Zeit. 
XLii. 254, 1927) are representative of well-known examples. 
Since the decomposition of such solids as calcium carbonate 
proceeds only at the CaC 03 /Ca 0 interface it is necessary to 
suppose that the reverse reaction, namely the reaction between 
calcium oxide and carbon dioxide, likewise follows the same 
course. Such chemical actions between a gas and a solid, im- 
portant in many cases of heterogeneous catalysis, have been 
established, such as the reduction of copper oxide by hydrogen 
by Pease and Taylor {J.A.C.S. xliii. 2179, 1921; xliv. 1637, 
1922; see also Larson and Smith, J.A.C.S. xlvu. 346, 1925; 
Okayama, Zeit. Elektrochem. xxxiv. 294, 1928) which proceeds 
only at the CuO/Cu interface. The reduction of nickel oxide by 
hydrogen according to Hughes and Bevan (Proc. Roy. Soc. A, 
oxvn. 101, 1928) follows a similar course. The formation of the 
nitrides of lithium (Frankenburger, Zeit. Elektrochem. xxxii. 481, 
1926) and calcium (Antropoff and Germann, Zeit. physikal. Chem. 
cxxxvn. 209, 1928) can be cited as reactions of a similar type. 

A true case of two-dimensional reaction at an interface on the 
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boundary between two two-dimensional phases, which presents 
some analogy to the case of the interaction of hydrogen and 
sulphur cited above, is the investigation of Adhikari and Felman 
(Zeit. physiJcal. Chem, cxxxi. 347, 1927) on the interaction of 
mercury and iodine which takes place only at the Hglg/adsorbed 
Ig interface. 

The catalytic decomposition of hydrogen peroxide likewise 
only occurs at certain interfaces such as Hg/HgO (Antropoff, 
Zeit. physikal. Chem. LXii. 567, 1908) or Ag/AggO (Wright, 
Trans. Farad. Soc. xxix. 539, 1928). 

We have noted that Faraday’s experiment established two 
separate facts, the commencement of the reaction at a broken 
edge and the subsequent interfacial reaction. Since in all these 
reactions one phase may be always regarded as metastable the 
reaction at the interface may be attributed to the presence of 
nuclei necessary for the removal of the metastability, a point of 
view suggested by Ostwald; on this view there is no necessity 
to assume any modification in the free energies of either phase 
at the interphase to aocoimt for the fact that the seat of reaction 
is confined to this area. 

That some modification in the field does however take place 
at such interfaces is seen most readily in the results of investi- 
gations on the effect of promoters in catalytic actions. 

5. The Freundlich isotherm. 

The failure of the simple partition law of Henry, x = kp, to 
express the distribution of a gas between the surface phase and 
the space above it led Freundlich to propose an empiric iso- 
therm which within limits at least gives a fair agreement between 
experimental data and those calculated with its aid. This 
equation is generally expressed in the form 


where x is amount of gas adsorbed per m grm. of adsorbent under 
a gas pressure p, and a and n are arbitrary constants. 

The value of a is dependent on the units employed for 
zpeasiuement, whilst n is a characteristic not only of the ad* 
sorbing agent but also of the adsorbate. Thus at 20® C. the 
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approximate values of ^ for a few easily liquefiable gases are 
as follows : 



1 

1 

Gas 

n 

for charcoal 

n 

for glass 

COa 

0-394 

0-66 

NHs 

0-437 

0-53 

SOa 

0-324 

0-28 

CHCI 3 

0-122 

— 

NaO 

— 

0-49 


The two arbitrary constants likewise vary with the tem- 
perature and we note as significant not only that Ijn approaches 
unity as the temperature is elevated but also it is in reahty not 
a constant over a wide range since it increases as the gas 
pressure is reduced. 

Chappuis {Wied, Ann. xix. 29, 1883) obtained a value of 
^ == 0*84 for the adsorption of ammonia by charcoal at pressures 

between 3-5 mm., whilst from Travers’ (toe. cit.) data on the 
adsorption of carbon dioxide by charcoal the following variations 
may be noted : 


Temp. 

°C. 

a 

1 

n 

- 78 

14-290 

0-133 

0 

2-960 

0-333 

35 

1-236 

0-461 

61 

0-721 

0-479 

100 

0-324 

0-618 


Accurate plotting of the experimental data in the logarithmic 
form 

n log — = nA -f log p 

reveals the fact that in no case does a linear relationship obtain^ 
provided that the adsorption is determined over a sufficiently 
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extensive range of pressures. This departure from the Freundlich 
equation is most marked at extremely low pressures and not 
inconsiderable at high pressures. Although the Freundlich iso- 
therm possesses two variables permitting of a considerable 
latitude in adjustment, yet the data almost always reveal an 

increasing value for ^ as the pressure is reduced. 

The data of Magnus (Zeit, anorg. Chem. cl. 311, 1926; clv. 
206, 220, 1926; OLXXrv. 142, 1928), Richardson {J.A.C.S. xxxix. 
1828, 1917; XLV. 2638, 1923), Titoff {Zeit. physikal. Chem. 
LXXiv. 641, 1910), Travers {Proc. Boy. Soc. A, Lxxvm. 9, 1907) 
may be cited as examples of careful investigation as to the 
adequacy of the Freundlich adsorption isotherm. 

This equation can readily be deduced from the Gibbs ad- 
sorption isotherm on the assumption that the change in free 
surface energy on adsorption of a gas is at all times proportional 
to the change in the amount of gas adsorbed and to the absolute 
temperature, or 

dcT = — nRTdx (1). 


If in the Gibbs equation 

~ ~ diL~~ RTd log p 

we replace F by a; the amount adsorbed per sq. cm. and also 
da by — nRTdx from (1), we obtain 


__ nRTdx 
~ RTd log p 


( 2 ), 


or 


cc’* = Icp, 


which is the Freundlich expression. In films on liquid surfaces 
this assumption of a proportionality between the lowering of 
the surface tension and the surface concentration, i.e. of 


da = — nRTdV or FA = nRT, 


is, as we have observed, not true except at extremely great 
dilutions, wherein- becomes equal to unity. 

It is also evident that according to this equation there is no 
saturation maximum for a definite area of adsorbing surface. 
Indefinite increase of the pressure produces indefinitely large 
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adsorption. The experimental data indicate in a perfectly 
definite manner that in many cases an adsorption maximum or 
surface saturation is obtained. Arrhenius (Medd. Nobel Inst, ii. 
7, 1911) was the first to introduce the concept of a definite 
saturation value (s) which varied with the nature of the ad- 
sorbing agent and with the adsorbate. On the hypothesis that 
the amount taken up for a small alteration of the pressure 
depended on the relative extent of surface saturation already 
obtaining, Arrhenius showed that the p, x curves could be 
expressed in the form 

,dx_s — x 


or 


logi, 


X 


0-4343 - 

s 


0-4343 


The equation is thus superior to that of Freundlich in that the 
existence of a surface saturation is realised as well as a physical 
significance given to one of the constants. 

The following values represent the surface saturation con- 
stant s for charcoal in c.c. at n.t.p. per grm. together with the 
a constant of the Van der Waals’ equation for the respective 
gases. 


Gas 

s in c.c. at 

N.T.P. per grm. 

a X 103 

He 

0-227 

0-42 

Ar 

1-67 

2-59 

N, 

2-35 

2-68 

O 2 

2-50 

2-69 

CO 

3-20 

2-80 

CH 4 

9-4 

3-67 

'CO 2 

30-4 

7-01 

NH 3 

71 

8-08 

C 3 H 4 

41 

8-83 


Although there is some experimental justification for the con- 
ception of a saturation concentration, yet this equation contain- 
ing but one variable was found by Schmidt to conform to the 
experimental results but very indifferently. Schmidt {Zeit, 
, phf^sical* Chem, nxxvm. 667, 1912) made the additional hypothesis 
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that the adsorption coefficient k decreases in magnitude with 
the amount of gas adsorbed in an exponential manner, or 

h = koC-^^^ 

where d is a constant, obtaining thus the equation 
= ^0 (^ — or In — ^ 

an equation somewhat similar in form to that proposed by 
Arrhenius. That these equations do not, in actuality, express the 
adsorption isotherm over very wide ranges of pressure can be 
seen from the following values of k calculated with the aid of 
the Arrhenius equation from the experimental data of Titoff and 
Homfray : 


CO 2 on charcoal at 0° C. 

C 2 H 4 on charcoal at 0° C. 

P 

k 

P 

k 

0*05 

24*9 

7-00 

12*3 

0*32 

159*0 

4*00 

13*2 

1*09 

89*0 

2*28 

11*3 

2*54 

60*6 

1*70 

11*2 

8*30 

62*0 

0*87 

11*6 

17*35 

48*9 

0*54 

10*4 

31-69 

62*7 

0*15 

11*3 

45*72 

56*0 



58*91 

68*9 



70-32 

61*6 



76*51 

62*2 




The realisation that the Freundlich equation was not generally 
applicable and gave no insight into the mechanism of adsorption 
or the state in the adsorbed layer has led to numerous attempts 
to formulate more exact equations. These developments may 
be said, in general, to have followed two broad lines either in a 
detailed investigation of the molecular processes operative at a 
gas-solid interface or thermodynamical considerations amplified 
by the supposition of the operation of different types of electrical 
forces at the interface. 

We will consider briefly the investigations which have 
justified these two methods of approach. 
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6. The reflection and condensation of molecules on surfaces. 

The adsorption isotherm for a gas on a solid surface represents 
the conditions of equilibrium attained for equal velocities of two 
opposing processes, those of condensation and of evaporation. 
A consideration of the process of condensation clearly involves 
a number of important questions, whether, for example, all 
molecules suffer specular reflection at the surface or whether 
they are condensed and re-evaporated at random, whether there 
is any relationship between the direction of incidence and of 
evaporation and what proportion of its energy and momentum 
an impinging molecule gives to the surface. Equally im- 
portant are the determinations of the duration of hfe of a 
molecule adsorbed on a surface and an answer to the question 
whether molecules adsorbed on a surface can during their 
lifetime on that surface undergo any change of position, i.e. 
do they behave as two-dimensional gases or liquids or is the 
system rigid in these dimensions? 

An attack on these problems was made first by Knudsen 
{Ann, der Phys, xxviii. 75, 1908; xxxv. 389, 1911) by investi- 
gating the thermal conductivity and flow of gases at low 
pressures. Evaluation of the accommodation coefficient of 
gases, this coefficient being the ratio of the heat actually carried 
away by impinging and reflected molecules to that which would 
have been carried away if thermal equihbrium had been 
attained*, revealed in general high values, the lowest value 
being 0*26 for hydrogen on polished platinum and glass. Only 
in the case of hydrogen and hehum were values less than 
0*8 obtained. 

Measurements of a similar kind undertaken by Langmuir 
{J,A.C,S, xxxvii. 425, 1915) revealed that the accommodation 

* The difference between the accommodation coefficients of hydrogen on 
metals and metallic oxides has been used by Hughes and Bevan (Proc. Roy. 
Soc. A, cxvii. 100, 1927) and Chapman and Hall {ibid, cxxiv. 478, 1929) to 
show that in the combination of hydrogen and oxygen at nickel and silver 
surfaces the metals are actually covered with an oxide film. In addition to the 
thermal accommodation coefficient, we note that condensation coefficient, 
reaction coefficient, reflection coefficient and Maxwell’s specular reflection 
coefficient have been employed somewhat indiscriminately by various 
investigators. 
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coefficient was independent of the nature of the solid surface 
provided that it was polished, a resiilt taken by Langmuir to 
indicate that under the conditions of the experiments the 
surfaces were covered with a layer of adsorbed gas. Elnudsen 
{Ann. der Phys. xxvm. 76, 1908) showed that the hypothesis 
of a completely irregular reflection led to a good agreement 
between the theoretical and experimental values for the rate of 
flow of rarefled gases through tubes. 

Further information on these points is gained from a study of 
the properties of streams of molecules at low pressures or of 
molecular rays. The early investigations of R. W. Wood {Phil. 
Majg, XXX. 300, 1916) and of Knudsen {Ann, der Phys. n. 472, 
1916) showed that the rate of condensation of the molecules con- 
stituting such a stream was markedly dependent on the tempera- 
ture of the condensing surface, and that there existed a critical 
temperature which separated a region of very rapid condensa- 
tion from one of very slow condensation. A few of their data 
for glass surfaces are appended in the following table. 


Beam 

Critical temperature 
° C. 

Observer 

Mercury 

- 140 

W. 

~ 140 to - 130 

K. 

Cadmium 

- 90 

W. 

Zinc, cadmium, magnesium 

- 183 to - 78 

K. 

Iodine 

- 60 

W. 

Copper 

+ 350 to 675 

K. 


Wood also investigated the direction of reflection of mercury 
from a glass surface and found that the number of molecules 
evaporating in a given direction was independent of the direction 
of the incident beam. The number was likewise foimd to vary 
as the cosine of the angle made with the normal to the surface 
by Knudsen {Ann. der Phys. XLVni. 1116, 1915) with the aid of 
an ingenious geometrical arrangement. 

Langmuir {Proc. Nat. Acad. Sci. 141, 1917) showed that in 
the case ,of the condensation of cadmium on glass the tempera- 
ture at which condensation commenced depended on the density 
of the molecular stream striking the glass, a stream of high 
density impinging for a short time interval was found to he 
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more effective than a stream of low density impinging for 
prolonged periods. 

These experiments indicated that the simple hypothesis of 
the alternatives of reflection or of condensation was not tenable 
and suggested the possibility of the formation of relatively 
stable groups or nuclei. Langmuir established the existence of 
such nuclei possessing a relatively long life on the surface by 
sensitising part of a surface with cadmium, raising the tem- 
perature so that all single atoms of cadmium would evaporate 
and then obtaining a deposit on the previously sensitised surface. 
The simplest type of nucleus consists of a doublet or pair of 
atoms, and the assumption is made that such a doublet, the 
formation of which is facilitated by the surface motion of the 
adsorbed atoms, possesses a Ufe much longer than that of a 
single atom on the surface. We can with Frenkel {Zeit. f. 
Physiky XXVI. 117, 1924) evaluate the relationship between the 
critical temperature and stream density in the following manner. 

Let n be the number of atoms adsorbed per sq. cm., a the area 
of the force fleld of an adsorbed atom which permits the capture 
of another atom to form a doublet, and cxq the target area of 
the adsorbed atom according to the kinetic theory. Frenkel first 
assumes that the area of the force field is related to the target 
area by an expression of the type 

AM 

(T = > 

where Att is the energy of dissociation of a doublet. 

The number of single atoms on the surface will be 

tiq = n (1 — n<j) 
and of paired atoms Wj = 

If the molecular beam density be such that v atoms strike 
unit area per second the rate of surface adsorption will be 

dW* f I O 9 

= V — cctIq — a n, = — aw -j- pn^, 

at 

where a = - and a' = ^ , r and r being the lives of the single 

T T 

molecules and doublets respectively on the surface and 

AU 

« (a — a') . 
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At equilibrium the rates of condensation and of evaporation 
of single atoms and of doublets must be equal or 

dn 


Hence 


V — an + = 0 

a zb 


When ^ 4j3i/, n must be real, the other root being physically 
impossible, i.e. there is a critical value of v, or is 

necessary before a dense metallic condensate can be formed. 

If the mean life of an isolated atom r be related to the 
oscillation frequency of the lattice Tq and its energy of adsorption 
u by the expression ^ 


and for an atom in a doublet 

m+Am J/i 

n = Toe = To 6*2’^ 

then Vq the critical stream density is equal to 


We may note that if it be assumed that it takes several atoms, 
e.g. four, to form a nucleus instead of two as assumed by 
Frenkel, we obtain a similar expression for the critical stream 
density, for from the equation 

dn . „ _ 


an -b Pn^, 


where 


1 , n /I l\cro®e* 


we obtain a minimum value for when a = 4j8w-® or |a?i = 

A - 

or Vc « a form similar to that obtained by Frenkel. 

If the nucleus be large the value of Aw, the energy required 
t-o separate an atom from the nucleus, should evidently approach 
the latent heat of subhmation of the adsorbed material. 

Whilst qualitatively the existence of a critical temperature 
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for condensation dependent on the stream density of the 
molecular ray confirms the hypothesis of Frenkel, the quanti- 
tative aspects of the condensation process are at present by no 
means so satisfactory. 

Wertenstein (J. de Physique, iv. 281, 1923) observed that 
on heating a drop of mercury in a vessel to 22° C., two degrees 
higher than the walls of the vessel, the pressure first rose to the 
equilibrium pressure at 22° C. and then fell over a period of 
three hours to the equilibrium value obtaining for the wall 
temperature. He also found that when no liquid mercury was 
present equilibrium of adsorption was obtained in ten minutes, 
these periods representing the time necessary to form nuclei and 
to efiFect condensation. With a stream density of v — lO^"^ 
atoms per sq. cm. per sec. at 22° C. the value of the mean lives 
of the single atoms of mercury on the glass surface are found to 
be 


K. 

T mean life in secs. 

295 

1-08 X 10-e 

308 

6-78 X ICM 

339 

1-8 X 10~» 


On application of Frenkel’s expression 

T = 

we obtain u = 4900 cals, per mol and > 9000 cals, per mol 
respectively for the two cases, a poor agreement. 

Chariton and Semenoff (Zeit, /. Phys. xxv. 287, 1924) 
measured the critical temperatures and stream densities for the 
condensation of cadmium on picein, obtaining 

T = 203° K. V = 2 , lO^"^ atoms per sq. cm. per sec. 

T = 198° K. = 1 . 10^7 

T T V 

whence u -l- u^^lc ^ log — = 11,000 cals, per 

grm. mol and a^ro = 1*6 . 10“^®. Taking cto = 3 . 10“^® cm.^ we 
obtain tq == 5 . 10“^® secs., an oscillation frequency much smaller 
than that anticipated for the oscillation of an atom in a lattice, 
that in a cadmium lattice being ca. 4 . 10“^® secs. 
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If the energy of dissociation of a cadmium doublet be^ the 
same relationship to the latent heat of sublimation of cadmium 
as the energy of dissociation of Hga (6370 cals.) does to the latent 
heat of evaporation of mercury (156,000 cals.) we obtain 
Att = 2400 cals, per grm. mol for the dissociation of the 
cadmium pairs and an energy of evaporation of single cadmium 
atoms of u — 11,000 — 2400 = 8600 cals, per grm. mol, whence 
we obtain 


K. 

T mean life in secs. 

150 

1-65 X 10^3 

200 

‘ 1-26 X IQr^ 

260 

17 X 10-® 


From Estermann’s experiments for the condensation of 
cadmium (Zeit. Elektrochem. xjcxi. 442, 1925) on the other hand 
we obtain 


Surface 

Energy of condensation 
cals, per mol 

Copper ... 

3000 

Silver ... 

6000 

GImb 

3600 

Mercury on silver 

2600 


If we assume the correctness of the previous value for the 
dissociation of cadmium doublets on glass, i.e. = 2400 cals, 
per grm. mol, we obtain tq = 5 . 10”® secs, and 


T^K, 

r mean life in secs. 

160 

2 X 10-» 

200 

7-6 X 10-^ 

260 

i 4'5 X 10-* 


These values are of quite a different order to those obtained 
by Chariton and Semenoff, whilst the energy of evaporation of 
mercury on glass is much lower than that computed from 
Wertenstein’s experiments. 

A comparison of the values of condensation of p recoil atoms 
’ ^m Thorium B and of Badium C obtained by Duat and PhiUip 
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(Z. Physiki ux. 6, 1929) and by Wertenstein (C. R. oDxxxvm. 
1045, 1929) indicates the greater ease of condensation of atoms 
on an isotopic receiver on which nucleus formation is readily ^ 
obtained. 

Cockcroft (Proc, Roy, Soc. A, cxix. 1928) examined the con- 
densation of cadmium over a wide range of stream densities 
(r varying over one thousand -fold). He showed in general that 
the Frenkel relationship between temperature of condensation 
and stream density was valid and computed a value of — 6,680 
cals, per grm. mol, an approximate value of Au — 2,000 cals, per 
grm. mol and tq = 2*6 . 10~® secs. Assuming that the correct 
value of Au was 2,400 cals, per grm. mol he obtained 


K. 

T mean life in secs. 

150 

1-43 X 10-4 

200 

9*6 xl0-« 

250 

1-85V 10-« 


The critical density was again found to be independent of the 
nature of the condensing surface, but on taking precautions to 
remove any gas film present he obtained quafitative indications 
of large changes in the critical density with different surfaces. 
We note that the presence of gas films on the condensing 
surface is the chief factor in causing the discrepancies between 
the values obtained by these different investigators, and a 
re-investigation under conditions of high vacuum with freshly 
formed condensing surfaces is clearly desirable. 

Clausing {Diss. Leiden) has attempted to evaluate the mean life 
of condensed cadmium atoms by allowing the ray to impinge 
through a diaphragm slit on to a rotating wheel, from which 
after being carried for a distance the molecules re-evaporated 
and were collected on a condensing surface close to the wheel. 
Although in these experiments the necessary correction due to 
the momentufn carried by the evaporating molecules was large, 
this ingenious method would appear capable of development. 

The specular reflection of beams from crystal and metallic 
surfaces has, with the advent of the concept of the wave 
character of njpleoular beams, received renewed attention ; thus 
Elliott and Olsen {Phys. Rev. xxxi. 643, 1928; xxxiv. 493, 1929) 
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have obtained specular reflection of cadmium and mercury on 
sodium chloride surfaces (see also Knauer and Stern, Zeit, f. 
^Physiky mu. 779, 1929). 


7. The Langmuir isotherm. 

The conclusion that the process of molecular reflection at a 
surface involved condensation and re-evaporation and that the 
surface of a solid could be regarded as a space lattice of ele- 
mentary atoms, each elementary vacant space above or between 
each atom being the possible home of a condensed gas molecule, 
led Langmuir (Phys. Rev, vm. 149, 1916; Proc. Nat. Acad. Sci. 
lU. 141, 1917; J.A.C.S. XL. 1360, 1918) to develop an isotherm 
based upon the view that imder conditions of equilibrium the 
rates of condensation and re-evaporation were equal. 

The rate of eflusion of a gas from an orifice has been shown 
by Herz and Knudsen to be given by the equation 


V = 43*76 X 10-« 


P 


Kp 


Vmt Vmt' 

where v grm. mols effuse per sq. cm. of orifice per second, 

p is the gas pressure in bars (10® bars «= 1 atmosphere), 
M is the molecular weight of the gas, 

T the temperature in ° K. 


Since the coefficient of accommodation a at most surfaces is 
almost unity a gas striking a surface may be regarded as 
effusing into a vacuum. 

If the surface be partly covered with the gas the impinging 
molecules will strike and adhere to the vacant portions. 

At equilibrium a fraction 6' of the surface will be covered with 
adsorbed gas and a fraction 0 wiU still be bare. 

We thus obtain ^ 4- = 1. 


The rate of condensation of the gas on the uncovered portions 
of the surface will be avS, whilst the rate of evaporation from 

6 * 1 " 

the covered area will be - , where - is the rate of evaporation 

from unit area. At equilibiiiim the rates of condensation and 
evaporation will be equal, or 



S' - 


arv 

1 + arv' 
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If X grm. mols are adsorbed per unit area then 6' — x, 

where N is the number of elementary spaces per sq. cm. of 
surface and Avogadro’s number (6*065 x 10^ molecules per 
grm. mol). 


Hence 


arv abp 

A ( 1 4- arv) 1 4- ap ’ 


since v = kp, which is Langmuir’s equation for the adsorption 
isotherm, where a and b are constants, a being proportional to 
the length of life of the adsorbed molecule on the surface. At 
very low pressures where ap is small compared with unity we 
obtain , 

X = abpy 


or the amount adsorbed is proportional to the gas pressure 
(Williams, Proc. Roy. Soc. Edin. xxxix. 48, 1919; Chaplin, 
Proc. Roy. Soc. A, cxxi. 344, 1928; Kalberer and Mark, Zeit. 
pliysikal. Ghent, cxxxix. 151, 1928). At very high pressures we 
obtain x == 6 or a definite saturation maximum is obtained. 

In developing an adsorption isotherm for gases on solid 
surfaces Frenkel {Zeit. f. Physik, xxvi. 117, 1924) assumes that 
lateral adhesion to form doublets does not occur and the 
processes of condensation and evaporation proceed as imagined 
by Langmuir. 

If there be n molecules each of effective area per unit area, 
then of V molecules striking and condensing on this area per 
second only i/ (1 — 7^c^o) will be able to adhere. If the average 
length of fife be t then, equating the rates of condensation and 
evaporation, we obtain 

= V {I — ncTo). 

T 


Inserting the value t = r^e^^ and v =- we obtain 

® “ Vmt 


n = 


Kp 

VMT 


u 


1 + 


Kp 

VMT 


or X = 


abp 

\ + ap" 


a form identical with that derived by Langmuir. 


13-2 
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We may note that if the characteristics of the surface phase 
be expressed by ^ — jB) = jP = RT and the Gibbs 

equation in the form 

X c dF 

1 — xB ~ RT dc * 


we obtain on eliminating F 

dc dx KX 

~c ~ i (1 - iS)’ 

the adsorption isotherm of Langmuir. With the more general 
equation of state (see p. 64) 

F {A - B) = fQ - iRT, 


and the Gibbs equation in the form given above, we obtain 

^ Kci 

\-xB~ ’ 


an equation similar to that of Freundlich when the surface 
saturation is small. 

The Langmuir isotherm has been tested not only by Langmifir 
but by numerous other investigators and has been shown to be 
applicable in a great number of cases. The premises on which it 
rests involve certain assumptions which are by no means self- 
evident. In the first place it is assumed that the surface may 
be regarded as perfectly homogeneous; experimental evidence 
against this assumption is convincing and both Langmuir and 
others, including Pease {J,A,C.S, xlv. 1290, 192^' and Constable, 
have pointed out that for ordinary non-uniform materials the 
composite surface may be regarded as made up of uniform areas 
on each of which an isotherm with a suitable value of r, the mean 
life on the respective surface, is apphcable. The summation 
represents the total adsorption 


X = 


"" 1 + ap ' 


Pease (see also Foresti, Gaz. Chim. Ital, mx. 282, 1929) 
considers that these areas may for all practical purposes be 
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divided into three, each possessing a characteristic life, one very 
long and one very short, thus giving an equation in the form 


^ J d^p 

an equation which is somewhat unsatisfactory owing to the 
large number of arbitrary constants involved ; whilst Constable 
{Proc. Camb. Phil. Soc. xxii. 738, 1926; xxm. 172, 693, 1926) 
suggests that the surface atoms, neglecting the orientating 
effects of the forces of crystallisation, are so distributed as to 
present a continuous series of small patches each of different 
adsorbing powers, their number and the lives of adsorbed mole- 
cules thereon being distributed according to the probability law. 
This assumption leads to the somewhat complex equation 


Ni C Tfxdh 


N J 1 


where b = 


+ T/jC 

The second assumption involved in the Langmuir isotherm is 
that an adsorbed molecule exerts no other effect on the surface 
than that of a covering action on the one or two elementary 
squares of the space lattice which it occupies. We have already 
noted that in the case of the condensation of metallic vapours 
in building up aggregates longer Hves are found for doublets than 
for single atoms and that the apparent range of action of an 
adsorbed metallic atom may be as great as thirty or more times 
the molecular area. It is necessary to examine how far such 
extended range of action may be due to the adsorbate behaving 
as a two-dimensional fluid possessed of mobility rather than as 
a frozen solid. 


8. On the surface mobility of adsorbed molecules. 


It has been noted that Frenkel’s hypothesis assumes that the 
range of attraction of an adsorbed atom is greater than that 
presented by its kinetic target area and is related to the energy 
of doublet dissociation by an expression of the type 

Au 

<7 = 


and that the experimental data cited lead to values of this 
range of attraction which are of the order of thirty times that of 
the actual molecular area. The formation of doublets would thus 
be materially assisted by a lateral movement of the adsorbed^ 
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molecules over the surface of the condensing solid. Inde- 
pendent experimental evidence for such superficial mobility on 
solid surfaces has been provided by Volmer and his co-workers. 

Volmer and Estermann {Zeit.f. Physik, vii. 13, 1921) examined 
the rate of growth of minute crystals of mercury formed in a 
closed space above liquid mercury maintained at — 10® C., the 
space above the Hquid being cooled below this temperature by 
means of an inverted cooler kept at — 63® C. After a few minutes 
small and extraordinarily thin hexagonal crystals were obtained 
in the gas space. Microscopic measurements indicated that the 
crystal diameter was some 10^ times the crystal thickness and 
it was found that the diameter grew at the rate of some 3 . 10“® 
cms. per minute. 

The maximum rate of growth of a crystal face by condensation 
of the mercury vapour can be determined with the aid of the 
Herz-Knudsen equation 

a rm 

^ ~ A V 2ttET^' 

where a is the condensation coefficient, A the density and p 
the vapour pressure of the mercury. Inserting the values 
p_io«o ~ • 10”^ dynes per sq. cm. and a= 1 we obtain a 

maximum value for 17=2-5.10“’ cms. /sec. or, since the crystal 
has two sides, a maximum rate of 3 . 10“® cms./minute. The 
observed crystal growth rate is thus nearly a thousand times 
the maximum theoretically obtainable by direct condensation 
on the surface. This result is most readily explicable on the 
hypothesis that molecules adsorbed on the surface may not only 
re-evaporate or commence the formation of new nuclei but may 
likewise move over the surface which is one of equipotential until 
they become anchored at the edges of the minute crystal. 
Volmer and Adhikari (Zeit, /. Physik, xxxv. 170, 1925) re- 
investigated a phenomenon observed by Lehmann (Molekuiar- 
physik, n. 344, 1888) that a liquid melt of needle crystallising 
material frequently sets to a star, the needles of which project 
above the original free surface of the melt. These projections 
may be as long as 0*1 mm. in the case of benzophenone. On the 
assumption that there exist adsorbed but mobile molecules of 
^bsnzo^enone on the crystal facets this feature of the growth is 
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similax to that noted in the case of the crystals of mercury. 
Volmer and Adhikari showed the existence of this surface 
diffusion process by removing benzophenone from the end of a 
crystal with the aid of mercury drops; by suitable adjustment, 
only the benzophenone supplied by lateral diffusion over the 
surface of a small needle of benzophenone could be removed. 
These experiments were extended (Zeit, f. Physik, xxxix. 46, 
1926) to the removal of benzophenone by dropping mercury 
after lateral migration over the surface of a small crystal and 
across a glass edge interposed between the benzophenone and 
the mercury stream. 

Moll {Zeit, physikal. Chem. cxxxvi. 183, 1928), utilising 
Volmer ’s method, has observed surface diffusion for phthalic 
anhydride, coumarin and diphenylamine, but paraffin and cetyl 
alcohol gave negative results. 

The development of metallic films deposited by molecular 
beams has been described by Estermann and Stern {Zeit. physi- 
kal, Chem. cvi. 397, 1923), who showed that films of calculated 
thickness 0-2 A. could be rendered visible. 

Evidence for the two-dimensional mobility for mercury atoms 
condensing on silver has been presented by Knauer and Stem 
{Zeit.f. Physik, xxxix. 774, 1926) and by Cockcroft (Proc. Roy. 
8oc. A, cxix. 1928), who showed that cadmium atoms could 
diffuse and condense on cadmium sensitised copper in places 
protected from the direct impact of a molecular beam of 
cadmium atoms. 

Estermann {Zeit. phys. Chem. cvi. 403, 1923; Zeit. Physik, 
xxxiTi. 320, 1925) has likewise observed both the growth of 
silver crystals and of cadmium deposited by molecular rays 
due to lateral mobility. 

In a different direction Hevesey and Obrutscheva {Nature 
cxv. 674, 1^25) indicate that radioactive indicators may be 
employed in experiments on auto-diffusion through metals 
to show that migration takes place at greatest speed over the 
surface of the metals between slip planes, or in the cracks shown 
to exist by Smekal and Joffe. 

Becker {Trans. Amer, Electrochem. Soc. May 1929) has also 
presented evidence for the existence of such surface migration 
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be equal to the rate at which gas enters the film by a similar pro- 
cess, F must always be proportional to p. This conclusion is not 
necessarily justified, for under conditions of equilibrium the 
activities only of the gases in the two phases and not necessarily 
the pressures must be identical (this is especially the case for 
the gas in the surface phase). 

We shall note that at least the experimental data obtained 
on the influence of temperature on the adsorption maximum 
give some support to the view that the limit for an adsorbed 
gas on a uniform solid surface is set by a characteristic limiting 
two-dimensional pressure Fi . 

9. The adsorption potential. 

An attempt to develop an adsorption isotherm, on the assump- 
tion of the mutual attraction by the gas molecules and by an 
attractive field outside the sohd surface similar in character to 
the Van der Waals forces of molecular attraction, was first 
made by Williams {Proc. Roy. Soc. Edin. xxxvii. 161, 1917; 
xxxviii. 23, 1918; xxxix. 48, 1919; Proc. Roy. Soc. A, xcvi. 
287, 298, 1919). Wilhams shows that the change in energy E 
which occurs on adsorption of one grm. niol on an infinite 
amount of adsorbent is 



where c is the concentration of the gas in equihbrium with the 
interface. Later he derives two other expressions for this energy 

E = RT\og- ( 2 ), 

^ wc ^ ’ 

where x is the amount of gas adsorbed, = A (8 — tx), A is the 
area, S the thickness of the adsorption layer and cr the diameter 
of the molecule of the adsorbed gas. He assumes the existence 
of an attractive force of a Van der Waals character 

^ (fi'rdr, 

where /a is a universal constant, aj, a* the Van der Waals’ adhe- 
sions for adsorbent and adsorbate respectively and r the distance 
of the molecule from the surface, thus 

E = <f> (ro) 


(3). 
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From (1) and (2) we obtain 
dT log - 


dT 


= \o^w or Tlog^ = constant + T log — j ^ 


where the constant is a function of x but independent of T, 
From (2) and (3) we obtain 


T log - = T log w + 
c 


R 


If we assume that w is independent of T, then as 
ixai aj <f>r„ 


is also independent of T, we obtain 

Tlog^ = A + BT, 

or log^ = — + B (4), 


which is the adsorption isostere of Williams, who applied it 
successfully to the data of Titoff, Homfray, Richardson and 
Chappuis. 

If B and A are not independent of T we may expand in 
powers of x. 


log^ = + 



1 

T 



or approximately log - = Aq — A^x, 

0 

the adsorption isotherm of Williams. 

It is interesting to note that if we take the Langmuir equation 
(see p. 194) n/ 

— = avO ~ aJcp (1 — d')j 

T 

or — = aJcT (1 — 6')y 

P 

by taking logarithms we obtain the Williams equation 

n/ 

log ^ = log raK + log (1 — 6') = log raK - 6' approximately, 
for small values of 0', or log — = Ag — A^x. 
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An equation of a similar form may likewise readily be 
obtained by a simple consideration that if the potentials of the 
bulk and gaseous phases in equilibrium are equal, the free energy 
of the gaseous phase is RT log p. If there is a difference of free 
energy between bulk and surface phase of A then that of the 
surface phase is 

RT log p + A (5). 

Adopting the equation F {A — B) — iRT to represent the 
behaviour of the surface phase, its free energy is 

jFdA or iRT ^ ^ + AT-B 


Replacing the surface area per grm. mol A by the siuface 
concentration "a: = ^ , on equating (5) and (6) we obtain 

iRTx BiRTx ^ \ /n\ 

r:r-Bx + V^Bx = P ^ •••(’>• 


On neglecting the product Bx we obtain 

i log {iRT) 4j- ■= ^ - {Bi) x. 

n 

If no lateral adhesion exists then i — \ and we obtain 

YogRT'-^-^ - Bx (8). 

Williams has attempted in the case of the adsorption of 
sulphur dioxide to calculate 3, the thickness of the adsorption 
layer, and finds it of the order of one molecular thickness. 

Eucken {Verh. d. D. Phys, Ges. xvr. 349, 1914; Zeit. Elektro- 
chem, xxvni. 6, 257, 1922) and Polanyi {VerK d. D. Phys, Ges, 
xvm. 65, 1916; Zeit, Elektrochem, xxvi. 370, 1920; Festschrift 
Kaiser Wilhelm Ges, p. 171, 1921; Zeit. physikal. Chem. oxxxn. 
371, 1928) have likewise introduced the concept of an adsorp- 
tion potential to obtain an adsorption isotherm. 

Eucken in agreement with Williams assumes an adsorptive 
force similar to that of the Van der Waals' “ a ” constant and in- 
dependent of the temperature, but also a repulsive force, so that 
the potential at any point distant x from the surface is given by 

K . K' 
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At the position of equilibrium = 0, 

hence ^ (10). 

Since the potential varies with the distance from the surface 
the concentration in various layers parallel with the surface will 
likewise vary; this concentration in any one layer is assumed 
to be determined by the Boltzmann equation 

or xs = e kT (11), 

where <f» is the potential at a distance 8 from the surface* 

The total adsorption per sq. cm. is accordingly 


/ (X5 Xao) dx = Xao I (fi — 1 ) dx, 

J 5o 5o 

Inserting the value of <(> from (9) in this equation Eucken 

obtains ^ s c* 

Oq y , ^ A 


X = 


-j, -b {n, m) 


J, whereC'=g^(l-^^)...(12). 


and b a function of w or m is usually small. Since a;«, = and 
b {n, m) is negligibly small compared with we obtain 

a- - 

kn C ’ 


or 


log a: = log p + y + 


.(13). 


an equation of the same form as that of Williams. 

Polanyi Hkewise assumes a force field extending from the 
surface and regards a surface as presenting a definite field 
thickness or a finite absorption volume. We shall have occasion 
to refer to this view in a subsequent section. 


10. Electrical forces in adsorption. 

(a) On dielectrics. 

Several attempts have been made to obtain an adsorption 
isotherm in terms of electric forces. For the evaluation of these 
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forces certain assumptions are made as to the nature of the 
adsorbing surface. Lorenz and Land6 (Zeit. amxyrg, Chem. cxxrv. 
47, 1922), Jaquet (Theorie der Adsorption von Oasen, Berlin, 1925) 
and Bliih and Stark {Zeit. f. Physik, xlttt. 675, 1927) have 
shown that if the gas undergoing adsorption possesses an electric 
moment and is further capable of undergoing polarisation or 
deformation, adsorption onto a dielectric surface will occur 
owing to the attraction exerted by the electrical mirror image 
formed in the body of the adsorbing surface. We may consider 
the simple case of an impolarisable molecule of permanent 
electric moment p, = el. 



The potential energy of the dipole at a distance 8 above a 
surface in which its mirror image is situated is 

" iri* 

The molecule can break away from the surface when its 
kinetic energy exceeds that of the induced electrical attraction. 
Assuming the usual statistical distribution, the number of 
molecules held at a distance 8 from the smface and making an 
angle between p and jS 8j3 with the normal will be 

e«l» q + 

(P) {2tt . d cos P) = d2rc.d cos p. 

fXs (P) 27r(f cos p n 

Hence J — ^ ^ = ^oo c*' j e^^'dz. 
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eH^ — 

where z = cos P and y = • Putting further Vyz m we 

obtain 


ev 


o- 

Xs = e'^^dm, 

VyJ 0 

which on integration with i/ > 1 becomes 

e^y 


Xb == 




Tf the distance of nearest approach of a dipole to the surface 
be §0 total amount adsorbed per sq. cm. will be 


X 

where 

whence 


= 1% - X.) dh = - l) 


2/o == 


eH^ 


SSo^kT 


Sh^^kT 

Xoo So 

^"'3 (2y,r 


a 

2T’ 


which, on inserting 




P 

kT ’ 


is equal to 




an equation to be compared with x ^ur the isotherms 


of Williams and Eucken. 

For the adsorption of a gas consisting of molecular quadri- 
poles the corresponding equation is 


20^ 

p.Sp e r 

10V6 2-6<7;fc 2-6^ 


We may observe that taking as magnitude of the electric 

moment p, = 1 . 10“^® e.s.u. at 300® K. the value of yo = 

decreases rapidly with an increase in the value of 8. Inserting 
the values for 28 = 2, 3 and 4 A. respectively yo becomes 4*8, 
1 and 0*4 respectively. Since molecular magnitudes preclude a 
distance much leas than 2 A. for 8, or 4 A. for 28, it is clear that 
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the hypothesis of adhesion by mirror image forces alone is 
scarcely adequate. 

(6) On heteropolar surfaces. 

If an adsorbing heteropolar crystal surface be regarded as 
consisting of alternate positive and negative charges such as is 
exhibited by the 100 plane of a rock-salt crystal, the electrostatic 
attraction and repulsion due to these charges can be evaluated. 

Simple derivations for the form of the adsorption isotherm 
on such a surface have been made by Bliih and Stark {Zeit. /. 
^hysik, xiiTTT. 676, 1927), by Boer (Ver. Kon. Akad. Wet. Amst. 
xxxvn. 237, 1928), and by Boer and Zwikker {Zeit. physikal. 
Ghem. cxxxm. 407, 1929), whilst a more exhaustive investigation 
of all the forces operative at such surfaces has been carried out 
by Lennard Jones and Dent {Trans. Farad. Soc. xxiv. 93, 1928). 

We may note that the adsorption of dipoles onto a surface 
by the ionic charges to form multimolecular layers is deter- 
mined not only by the magnitude of the dipole /a and its 
deformability a, the energy necessary to form a dipole on the 

surface being where p, is the induced dipole moment, bvit 
also by the position of the dipole in the molecule. 



The potential energy between two dipoles each of moment p 
separated by a distance 8 is ^ . Inserting the reasonable values 

of p^2. lO-^ B.s.TJ. and 8 =* 6 A. for. the molecular diameter 
we obtain a potential energy of the order of only 1000 cals, per 
grm. molecule. For molecules containing a non-polar group 
with the electric moment residing chiefly in the polar head (see 
Ch. VII) the adhesional forces of the second layer due to their 
mutual attraction will evidently decrease rapidly with chain 
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length and the adhesional potential energy will soon become 
comparable with the kinetic energy of thermal agitation , 
ca. 600 cals, per grm. molecule, thus precluding the building 
up of such layers. Confining our attention to the electrostatic 
attraction of the charges in the surface for the adsorbed dipole 
in the first layer as has been done by Boer and Zwikker, if ah 
be the distance of the dipole of moment p, from the lattice, of 
lattice constant 6, the attraction of the dipole for the surface 
will be for the first two charges 


cos BAG 


( ? 
U‘^ 4- 22/ 


On summation over the surface we obtain 


- E 


[^2 -}- 2 / 2,2 4 - 2 m 2 ] 


where n and m are integers of all values. 

Since the energy of the dipole is —, we obtain if there be but 


one layer 




Under conditions of equilibrium = 0, whence p- = -p and 

, S^e^a 

^ 26 ^ * 

We can calculate the values for the case of iodine adsorbed 
onto calcium fluoride with a for iodine as ca. 5 . b = 1'93 A. 
for the CaFg lattice. S is found to be 0*36, whence 
( 0 . 36)2 ( 4 . 77)2 6 

^ = — 2-x-ci^r~ 

which is equivalent to a heat of adsorption of 7,600 cals, per 
grm. atom. The electric moment of the adsorbed iodine is found 
to be no less than ^ = 2-3. 10“^® E.S.U., a large value, indicating 
that the distortion produced on adsorption is extremely great. 
We may remark that Boer {loc. cit,) noted that the limit of the 


R S C 
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absorption spectrum was 2960 A. for the adsorbed iodine, a 
value to be compared with 3500 A. in aqueous KI, 4300 A. in 
alcohol, and 6100 A. in chloroform, the surface phase thus 
appearing comparable to a highly polar solvent. 

For multimolecular layers Boer and Zwikker have in a similar 
manner calculated the potential energies and electric moments 
of the adsorbed molecules in each layer, obtaining the general 
expressions 


- K ~ ^ - K^J ' 


4>n= 2 


|3 


^ 7 - 

2i3Vl 




where A, p and K are constants involving the lattice constants 
and deformabihty. 

The general equation for the vapour pressure is 


log 2 ) = 


(V - 4>n) 

RT 


i. 


where A^' is the latent heat of evaporation in the adsorbed state 
at absolute zero and is the isothermal heat of adsorp- 

tion, i the integration constant of the vapour-pressure equation. 

An^ 

Over the liquid surface we have log . 


Hence 


^ ~ RT 


Vo 


Aq' — Xa + ~ ^o) 

+ - - 


K’-Ka+RT 


If we put e = ^ 3 » 

, . . 1 p <f>n _ f K \2n-2 

we obtain log - RT~ 20 BT ll -Ky 

( K A^ 

i^R TK "" obtain as 

an adsorption isotherm 

Boer finds for the adsorption of iodine on calcium fluoride 
that n is unity, but for the adsorption on barium chloride a 
knowledge of three constants is necessary. 
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A. much more detailed investigation has been carried out by 
Lennard Jones and Dent {Trans. Farad. Soc. xxiv. 93, 1928) 
in which it is shown that three separate effects have to be 
considered in evaluating the adsorption of a gas on such a 
heteropolar surface. Firstly the electrostatic field outside the 
plane doubly periodic charged surface is determined in some 
detail following the method of Borji {Atomtheorie des fasten 
ZustandeSy 2nd ed. 1923) by calculating the separate effects of 
each layer of ions. In the following table are given the magni- 
tude of these forces for the 100 plane of a uniunivalent crystal, 
e.g. NaCl, in which the distance between 2 ions is given by 
h = 2-815 A. For other crystals the forces outside the respective 

71, b ^ 

100 planes can be calculated by multiplying by , where >72 


is the valency of the charges in the second crystal and ^ the 


ratio of the sides of the unit cells. 


Distance from plane = S, 

26 = 6-63 A. 




S 1 

7 

8 

9 

10 

11 

26 2 

12 

12 

12 

12 

12 

e<f>8 X IQi® ergs 6-36 

2-45 

1-23 

0-64 

0-28 

014 


The work to separate a permanent dipole of length I is 


e [^S - </» (8 + 1)]. 


With a dipole of permanent strength 5 . 10~^® E.s.u. at a distance 
of 2-5 A. we obtain a value of 3.10-i®ergs for the work of 
separation, equivalent to 4,500 cals, per grm. molecule. The 
second factor which is considered is the polarisation of a neutral 
molecule in the electrostatic field of the crystal, the factor 
considered by Boer and Zwikker. We may cite some values for 
the magnitude due to this cause for a molecule of polarisability 
a = 1-63 . 10“^^ near the surface of the crystal with the same 
lattice constants given above : 

^ 0-5 0-6 0-7 0-8 

2-56 X 10-1* 4.27 X 10-1® 7-20 x lO-i® 1-22 x l 6 -i« 


2b 


0-9 1-0 1-5 

2-06 X 10-” 3-48 X lO-i® 4-80 x lO"®* 


14-2 
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It will be noted that the potential falls off rapidly as^ the 
distance is increased and is much less than the force due to the 
electrostatic attraction, the values of which are given above. 

The value of is proportional to the polarisability a and to 
the inverse fifth power of the lattice constant b. 

Of greater importance are shown to be the Van der Waals 
cohesive forces in which the repulsive and attractive fields 
between molecules are assumed to be in the form of 

A fJL 

For most gases m = 5 is regarded as most satisfactory. For 
the solid surface of the uniunivalent crystal the ions are assumed 
to possess argon-like ores. Dent and Lennard Jones have 
evaluated the Van der Waals attractive force for a smface of 
such a structure and obtain the following values for the force in 
dynes and the potential energy in ergs with the value of 

p — ~ = 1-63. 10“^® and m = 5. 

^ 0-5 0-7 10 1-6 

26 

H dynes 1-92x10-® 7-39 x 10-« 3-02 x lO"® 1-16 x 10-« 

ergs 4-97 x IQ-^® 1-92 x IQ-i® 7-56 x IQ-^® 2-78 x 10~^* 

We note that the Van der Waals forces are long distance 
forces in contrast to the electrical forces. 

Finally the authors consider the polarisation of the crystal 
due to the charge outside it, similar to the mirror image forces 
considered by Lorenz and Land6, and this is found to be re- 
latively small. 

The data on p. 213 taken from the paper of Lennard Jones 
and Dent give the contribution of the electrostatic, the Van der 
Waals and the polarisation potentials on a charged particle and 
neutral atom respectively. 

A simple application of these figures has been made to calcu- 
late the heat of adsorption of argon on KCl. Using the usual 
repulsive force constants a rough calculation shows the equili- 
brium distance to be about 1-26. The corresponding value of ^ 
is ergs, so that the heat of adsorption of one gram 
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molecule (neglecting the influence of the molecules on each 
other) is about 2000-1500 calories. 

The results can be further applied to estimate the concen- 
tration of atoms in the neighbourhood of a solid by Boltzmann’s 
formula {n = Assuming an inverse fifth power attrac- 

tion, the indication is that the concentration of argon at a 
distance of 10 A. from KCl is about two to three times the 
normal at room temperature. 



5 

26 

0-5 

0-7 

1-0 

1-5 

Neon 

and 

NaF 

Electrostatic 

1*26 X 10-4 

21 1 X 10-5 

1-47 X 10-« 

1*72x10-5 

Polarisation 

V. d. Waals 

5*29 X 10-« 

1*48 X 10-’ 

711 X 10-10 

9*89 X 10-14 

(m = 5) 

5-46 X 10-« 

2*11 xl0-« 

8*60 X 10-7 

3*31 X 10-7 


Electrostatic 

6-80 X 10-® 

114 X 10-5 

7-94 X 10-7 

9*30 X 10-» 

Argon 

and 

Polarisation 

V. d. Waals 

4-74 X lO-* 

1-33 X 10-7 

6-36 X 10-10 

8*86 X 10-14 

KCl 

(m = 5) 

Mix 10-5 

4*28 X 10“« 

1-75X 10-« 

6*70 X 10-7 


(m = 6) 

2-84 x 10-5 

7-00 X 10-5 

1-88 X 10-« 

4*58x10-7 



5 .6 ^7 1 ^9 I'O I'l, 1-2 1-3 V 

a/2h (2fc-4-6EA). 


The Potential Field outside a (100) plane of NaF on (1) a charged particle, 

(2) on Neon. 
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(c) Adsorption on metallic surfaces. 

the previous sections we have considered briefly the 
development of the electrical theory of adsorption by mirror 
image forces on dielectrics and by the mirror image forces as 
well as the forces due to electric charges on ionic lattices. It is 
‘clear that the phenomenon of adsorption on the surfaces of 
conductors such as metals or charcoal cannot be resolved by 
the methods outlined above unless some definite concept is 
made as to the nature of the electrical forces at the surface. 
Information in this field has been provided chiefly from the 
study of thermionic emission. 



The Potential Field outside a (100) plane of KCl on (1) a charged particle, 
(2) on Argon. 


The work done by an electron escaping from a metal surface may 
be regarded as made up of two parts, the work due to the image 
forces from a long distance away down to a limiting distance Sq 
and the work done in moving from 8© into the metal, through 
the intrinsic fleld, which work is assumed to be constant 
(Schottky, Phys. Zeit. xv. 872, 1914). Since the work functions 
of metals vary from some 1 to 8 volts the intrinsic field thick- 
ness Bq extends from 16 to 1 A. in thickness. Although the 
characteristics of the intrinsic fleld are not known in detail 
it is certain that beyond small distances only image forces are 
operative. 
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The thermionic properties of a body depend very largely upon 
the state of its surface and afford a convenient means of 
investigating surface fflms on solid metals. The qualitative 
effects of such films have been known for many years but the. 
development of quantitative measurements is comparatively 
recent and is due in the first place to I. Langmuir and his* 
collaborators. 

In order that an electron may escape from a body it must do 
a certain amount of work in passing through its surface. A foreign 
atom on the surface is electrically equivalent to a dipole and 
gives rise to an added electric field at the surface. This electric 
field may either assist or impede the escape of electrons according 
to its direction. Thus electro-negative atoms like oxygen lower 
the electron emission and electro-positive atoms like sodium 
increase it. 

The thermionic emission from a clean surface is given by 
Richardson’s equation 

.( 1 ), 

where i is the current per sq. cm., T is the absolute temperature 
of the emitting surface, and A and <f> are constants for any given 
element. The exact theoretical significance of this equation is 
still a matter of dispute (cf . Fowler, Proc. Roy. Soc. A, cxxii. 36, 
1929) but it is sufficient for the present purpose that it represents 
the experimental results satisfactorily and that the constant (f> 
is a measure of the w;ork done by an electron in escaping from 
the metal, on any theory. It will be appreciated that a small 
change in cf> will have an enormous effect on the emission; it is 
actually found that a monatomic layer of thorium on a tungsten 
surface at 1600® gives an electron emission one hundred thousand 
times greater than that from a clean tungsten surface. Thus 
thermionic measurements Rre a very sensitive method of 
following surface changes. 

The change in potential V produced by a surface layer is given 
by Helmholtz’s equation (see p. 30) 

V - X 300 (2), 

where M is the electric moment per sq. cm. and may be written 
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M — Np, where N is the number of atoms per sq. cm. and p is 
the electric moment of each atom. The decrease or increase in 
the work that an electron must do is therefore proportional to 
the concentration of atoms in the surface layer, or in other 
words to the fraction 6 of the surface covered. Richardson’s 
♦ equation (1) for a surface partly covered by a film thus becomes 


0j-a« 

ie = (3). 

The sign of a will depend upon the nature of the adsorbed atoms. 
If the temperature is constant 

A log ie cc A9 (4). 

Let ^0 be the emission from the clean surface, then equation (4) 
becomes 

h (log id - log io) = ^ (5). 

If is the emission from a fully covered surface (^ = 1) then 
k (logii - logio) = 1 (6). 


Eliminating k from equations (6) and (6) we get 

(7). 

log - log ^o 

Equation (7) enables us to deduce the fraction of the surface 
covered at any given temperature from measurements of the 
thermionic emission and is thus of great importance. In its 
derivation the assumption has been made that the effects of the 
separate atoms are additive. It is however probable that this 
may not be true for concentrated films, due to interaction 
between the close packed atoms (see p. 338) ; and it is actually 
found for instance that while dilute caesium films on tungsten 
increase the emission concentrated films produce a reversal of 
this effect. Thus equation (7) is only applicable to dilute films*. 

* It has been verified experimentally for dilute caesium films. J. A. Becker 
{Phys, Rev. xxxm. 1082 (Abstract), 1929) has found the following empirical 
relation to be more accurate for barium 

logid/logio “ I'l (iog (1 - 

the electric moment contributed by a barium atom in a film appears to be 
about twice as great when the surface is only covered to the extent of 10 % 
as when a loose packed film is present. 



Current i 


EliECTBICAL FORCES IN ADSORPTION 217 

We have only considered the action of the surface layer in 
changing the value of the constant <}> in Richardson’s equation; 
in practice the value of A is also changed but the effect is small 
compared with that due to the change in </>. 

The effect of thorium in increasing the emission from a 
tungsten filament was discovered by I. Langmuir {Phys. Rev. 
IV. 544, 1914). Thoria was originally added to timgsten to 
prevent “offsetting” (flow between crystals) of lamp filaments. 
By heating the filament to 2900° for a minute the thoria is 
reduced to thorium which diffuses up to the surface and then 
evaporates off. The rate at which the thorium film grows is 
simply the difference between the rates of diffusion and evapora- 
tion. The growth of the thorium film at any time is best observed 
by momentarily lowering the filament temperature to some 
standard testing temperature (say 1500°) at which the rates of 
evaporation and diffusion are negligible ; this enables the 
measurements to be carried out without undue haste (Langmuir, 
Phys. Rev. xxii. 357, 1923). 



In the figure is shown a typical curve obtained with a forming 
or activating temperatTire of 2100° and a testing temperature of 
1500°. A deactivation curve is also shown corresponding to a 
temperature at this temperature the rate of evaporation E 
is greater than the rate of diffusion D. From such curves 
and the use ofj equation (7) together with the number of 
thorium atoms on the surface at maximum activation (this is 
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discussed below) Langmuir deduced the following expressions 


for jD a«id E : 

logio D = 0*21 — 20,900/T (8), 

logio = 7-76 - 44,600/T (9). 


Knowing the rate of evaporation as a function of the tem- 
perature it is possible by the use of the Clapeyxon-Clausius 
equation to deduce the heat of evaporation of thorium from 
a tungsten surface. Langmuir found that this heat of evapora- 
tion was 204,000 cals, per grm. atom. Mrs M. R. Andrews 
(Phys, Rev. xxxni. 454, 1929) has redetermined the heat of 
evaporation by a series of measurements in which the thorium 
was deposited externally on the surface from an adjacent 
thoriated wire or by evaporation from a rod of thorium metal. 
The experimental conditions were thus greatly simplified. She 
found that the heat of evaporation of thorium from clean 
timgsten was 177,000 cals, per grm. atom; from carbonised 
tungsten it was 202,000 cals, per grm. atom. 

Activation curves show that for dilute films the rate of growth 
of the thorium layer decreases as the layer is formed according 
to the expression 

dOldt = K(\- 0) (10). 

This can be interpreted as meaning that the probabifity of a 
thorium atom finding a place on the surface is (1 — 6). If, as 
Langmuir supposed, the thorium atoms diffused up through the 
crystal lattice then such an interpretation is a plausible one. 
P. Clausing (Physica, vii. 193, 1927) has shown however that 
the diffusion of thorium atoms takes place only between crystal 
boundaries (a fact which is in accordance with the property of 
thoria of preventing offsetting). The atoms can therefore only 
reach the surface in certain places; imder such conditions the 
probability of finding an empty spot will no longer be (1 — B). 
It is perhaps relevant in this connection that Langmuir found 
that when 6 is large the above expression breaks down and the 
factor (1 — ^) must be replaced by (1 — *82^ — -18^), If the 
thorium atom is unable to find a vacant place on reaching the 
surface it will evaporate; Langmuir has called this process 
Induced Evaporation” to distinguish it from the normal 
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spontaneous evaporation due to the thermal agitation of atoms 
on the surface. The induced evaporation increases as the surface 
becomes covered. • 

In a completed monatomic layer the atoms must be regularly 
spaced. Taking into account the roughness of a tungsten filament 
that has been subjected to heat treatment there are 1*51.10^® 
tungsten atoms per sq. cm. (Langmuir, Phys. Rev. xxii. 357, 
1923). The number of thorium atoms that can be packed into 
a plane lattice is 0-91.10^® atoms per sq. cm. so that it is 
impossible for each tungsten atom to adsorb one thorium atom. 
It is reasonable to suppose that there are half as many thorium 
atoms as underlying tungsten atoms per sq. cm. since a fractional 
ratio is extremely improbable. Thus there are probably 
0*756.10^® thorium atoms per sq. cm. By the use of Richard- 
son’s equation the work done by an electron in escaping from 
a fully activated surface was found to be equal to the work done 
by an electron in moving against a potential difference of 
2‘62 volts (S. Dushman and J. W. Ewald, Phys. Rev. xxix. 87, 
1927). K. H. Kingdon (Phys. Rev. xxiv b. 510, 1924) obtained 
the value 2*68 volts. These values of the work of exit are smaller 
than that of pure thorium which C. Zwikker (Proc. Acad, 
Amsterdam, xxiv. 1, 1926) has found to be 3*39 volts. S. Dush- 
man, D. Dennison and N. B. Rejmolds (Phys. Rev. xxix. 903, 
1927) have shown that tungsten containing Yt, La, Ce, Zr or U 
behaves very like that containing thorium. 

The adsorption of caesium on tungsten. 

The adsorption of caesium on tungsten was first investigated 
by I. Langmuir and K. H. Kingdon (Science, lvii. 58, 1923). 
The problem is in some ways simpler than that of the adsorption 
of thorium since the caesium is deposited externally on the 
surface and the rate of deposition can be deduced from gas 
kinetic considerations. The figure (Becker, Phys. Rev. xxvm. 
341, 1926) shows the variation of the emission with the tem- 
perature of the filament, the rate of arrival of the caesium atoms 
being constant. As the temperature is increased (starting from 
the right-hand side of the abscissa) the emission rises in accord- 
ance with Richardson’s equation for a fully covered tungsten 
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surface. The emission reaches a maximum at C, falls to a 
minimum at D, and then rises again in approximate agreement 
with that from a clean tungsten filament in vacuo. The explana- 



Log^o t vs. 1000/T where i is the^ thermionio ourrent per cm.® and 7^ is in ° K. 
ASCD represents electron emission from, a tungsten filament in caesium vapour; 
AJB^C^D^ivom an oxidised tungsten filament; same at a vapour 

pressure ten times as great. 

tion of this curve is simple. At low temperatures the filament 
is completely covered with caesium; at a certain temperature 
the caesium begins to evaporate and the emission decreases with 
increasing temperature until the surface is practically free from 
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caesium atoms. The emission then finally rises again as ordinary 
thermionic emission sets in. An interesting consequence of this 
characteristic is that if the filament heating current is switched 
off from a temperature above C, the emission is at first seen to 
rise as the filament cools down. One of the most interesting 
properties of a tungsten filament in caesium vapour is that the 
filament gives off a continuous supply of positive caesium ions. 
This is due to the fact that the ionisation voltage of caesium 
is lower than that of tungsten, so that if a caesium atom hits 
the filament its series electron will be torn off; at a sufficiently 
high temperature the positive ion is thrown off the surface; at 
lower temperatures the caesium sticks and an adsorbed layer is 
built up. The steady production of positive ions can only take 
place when the work of exit from the surface is above the 
ionisation potential of caesium. The adsorption of caesium 
lowers the work of exit, so that at low temperatures no positive 
ions are produced. Above a certain filament temperature further 
increase in the temperature causes no corresponding increase in 
the filament positive ion current — ^this can only mean that every 
atom hitting the filament is ionised. The positive ion charac- 
teristics have been determined by Becker. The total positive ion 
current is a direct measure of the number of atoms hitting the 
filament per second and thus the pressure of the caesium vapour 
in the bulb can be determined. This has been done by I. Langmuir 
and K. H. Kingdon {Proc. Roy. Soc. A, cvii. 61, 1925). If the 
work of exit of the tungsten filament is increased by oxidation 
it is possible to produce positive ions of any element whose 
ionisation potential lies below about 9 volts. 

If the filament temperature is lowered a hysteresis effect is 
observed and the production of positive ions does not stop until 
the temperature is well below that at which ionisation began. 
This behaviour is strongly reminiscent of the hysteresis effects 
observed in the liquefaction of a gas or the solidification of a 
liquid, and Langmuir and Kingdon have suggested that in the 
hysteresis region the caesium can exist in two distinct phases. 
By using a number of collectors roimd the filament it is possible 
to show that one part of the filament may be emitting positive 
ions while another part may be covered with caesium, so that 
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no ions are produced. The two regions are separated by a com- 
paratively sharp dividing line which can be made to move 
backwards or forwards by altering the filament temperature. 

By applying Saha’s theory of thermal ionisation to the con- 
ditions at the surface of a tungsten filament in caesium vapour, 
Langmuir and Kingdon have been able to verify the Sackur- 
Tetrode value of the chemical constant. 

The fact that above a certain temperature every impinging 
atom is ionised makes possible a very simple determination of 
the number of caesium atoms Nq per sq. cm. at the optimum 
activity. It is only necessary, as J. A. Becker {Phys. Rev. xxvm. 
341, 1926) has shown, to measure the rate of arrival of the atoms 
and to find the time required to activate a clean filament. The 
positive ion current measures the rate of arrival of the atoms, 
and when this constant rate is multiplied by the time necessary 
for activation the number of atoms per sq. cm. is obtained. 
Becker’s method of determining Nq assumes that all the atoms 
striking the filament are able to stick to it. This was verified 
by observing that the product of the positive ion current and 
the time of formation always remains constant. Thus there is 
no induced evaporation as with thorium, so that the caesium 
atoms are probably in continual movement over the surface, as 
W. Schottky {Handbuch d. exp. Physik, viii. pt 3, 192) has 
pointed out. 

The figure opposite shows some activation curves obtained by 
Becker. It will be seen that at the lower filament temperatures 
the curves pass through a maximum. The peak corresponds to 
maximum activation and further deposition of caesium leads to 
a decrease in emission. Becker found Nq to be 3-7 . 10^^ atoms per 
sq. cm. The number of caesium atoms in a hexagonally packed 
section of a body centred cubic lattice is 4 . 10^^ atoms per sq. cm, ; 
for a face centred lattice, which is another possible distribution, 
the number is 3*8.10^^ atoms per sq. cm. Thus there is some 
evidence that maximum activation is obtained with a completed 
monatomic film and the subsequent decrease in the emission 
must be due to the formation of a second layer ; this is Becker’s 
interpretation of his results. Langmuir and Kingdon (Proc. 
Roy. Soc. A, cvn. 61, 1925, and Kingdon, Phys. Rev. xxiv. 610, 
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1924) however consider that maximum activation is reached 
when ^ = 0-9. Since we do not know accurately the number of 
caesium atoms in a monatomic film the question cannot be 
settled decisively. 



The Ca — OW filament is heated to 1040° K. and positive ions are drawn. This 
removes practically all the adsorbed caesium. At time 0 the temperature is 
suddenly changed to the value indicated on each curve, the plate potential is 
reversed, and the logjo of the electron emission observed as time progresses. The 
time to reach the maximum at the three lower temperatures is called 

.Becker, from the measurements of Langmuir and Kingdon, 
foimd that the work of exit for a fully activated filament was 
1*36 volts. For caesium on an oxidised tungsten filament 
Kingdon found a value of 0*71 volts. 

Adsorption of atoms similar to caesium, 

T. J. Killian (Phys, Rev, xxvn. 578, 1926) has investigated 
the adsorption of rubidium and potassium on tungsten and 
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paratively sharp dividing line which can made to move 
backwards or forwards by altering the filament temperature. 

By appl 3 dng Saha’s theory of thermal ionisation to the con- 
ditions at the surface of a tungsten filament in caesium vapour, 
Langmuir and Kingdon have been able to verify the Sackur- 
Tetrode value of the chemical constant. 

The fact that above a certain temperature every impinging 
atom is ionised makes possible a very simple determination of 
the number of caesium atoms Nq per sq. cm. at the optimum 
activity. It is only necessary, as J. A. Becker {Phys. Rev. xxviii. 
341, 1926) has shown, to measure the rate of arrival of the atoms 
and to find the time required to activate a clean filament. The 
positive ion current measures the rate of arrival of the atoms, 
and when this constant rate is multiplied by the time necessary 
for activation the number of atoms per sq. cm. is obtained. 
Becker’s method of determining Nq assumes that all the atoms 
striking the filament are able to stick to it. This was verified 
by observing that the product of the positive ion current and 
the time of formation always remains constant. Thus there is 
no induced evaporation as with thorium, so that the caesium 
atoms are probably in continual movement over the surface, as 
W. Schottky (Jlandhuch d. exp. Physik, viii. pt 3, 192) has 
pointed out. 

The figure opposite shows some activation curves obtained by 
Becker. It will be seen that at the lower filament temperatures 
the curves pass through a maximum. The peak corresponds to 
maidmum activation and further deposition of caesium leads to 
a decrease in emission. Becker found Nq to be 3*7 . 10^^ atoms per 
sq, cm. The number of caesium atoms in a hexagonally packed 
section of a body centred cubic lattice is 4.10^* atoms per sq. cm. ; 
for a face centred lattice, which is another possible distribution, 
the number is 3*8. 10^* atoms per sq. cm. Thus there is some 
evidence that maximum activation is obtained with a completed 
monatomic film and the subsequent decrease in the emission 
must be due to the formation of a second layer ; this is Becker’s 
interpretation of his results. Langmuir and Kingdon (Proc, 
Boy. Soc. A, cvn. 61, 1926, and Kingdon, Phys. Rev. xxiv. 610, 
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1924) however consider that maximum activation is reached 
when ^ = O' 9. Since we do not know accurately the number of 
caesium atoms in a monatomic film the question cannot be 
settled decisively. 
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The Csj — OW filament is heated to 1040° K. and positive ions are drawn. This 
removes practically all the adsorbed caesium. At time 0 the temperature is 
suddenly changed to the value indicated on each curve, the plate potential is 
reversed, and the log^g of the electron emission observed as time progresses. The 
time to reach the maximum at the three lower temperatures is called 

.Becker, from the measurements of Langmuir and Kingdon, 
found that the work of exit for a fully activated filament was 
1*36 volts. For caesium on an oxidised tungsten filament 
Edngdon found a value of 0*71 volts. 

Adsorption of atoms similar to caesium. 

T. J. Killian {Phys. Rev. xxvh. 678, 1926) has investigated 
the adsorption of rubidium and potassium on timgsten and 
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^sidised tungsten. These metals show effects similar to those of 
caesium but due to their lower vapour pressures higher bulb 
temperatures are necessary. 


Adsorption of caesium and activated nitrogen on tungsten. 

N. A. de Bruyne (Camh. Phil. Soc. xxv. 347, 1929) has shown 
that the addition of nitrogen to caesium vapour produces no new 
effects in the emission from a tungsten filament imless the 
nitrogen is activated by electron bombardment. The nitrogen 
activated in this way forms a layer which holds the caesium 
to the surface at comparatively high temperatures and thus 
increases the emission at these temperatures. 

Adsorption of oxygen, nitrogen and hydrogen on tungsten. 

I. Langmuir {Journ. Amer. Chem. Soc. xxxv. 105, 1913) has 
shown that oxygen causes a tremendous decrease in the emission 
from a tungsten filament; the adsorbed layer is decomposed at 
1600° K. K. H. Kingdon (Phys. Rev. xxiv. 610, 1924) has found 
that the work fimction of such an oxygen- coated surface is 
9*2 volts. Nitrogen has no effect on the emission unless it is 
activated by electron bombardment (Langmuir, Phys. Zeit. xv. 
616, 1914). Hydrogen was found by Langmuir {ibid. xv. 516, 
1914) to have no effect but H. Simon (Zeit. f. tech. Phys. v. 
221, 1924) obtained an increase in the emission in the presence 
of hydrogen. A considerable amount of work has been done on 
the effect of hydrogen on the emission from platinum; early 
workers found a considerable increase in the emission when 
hydrogen was admitted but the effect is due to impurities on 
the surface (for a discussion of the effect of hydrogen on the 
emission from a platinum cathode see O. W. Richardson, 
Emission of Electricity from Hot Bodies, and W. Schottky, 
Handhuch der exp. Physik, xm. pt 2). 

Multiaiomic adsorbed layers. 

A study of multiatomic adsorbed layers on tungsten has been 
made by Ryde and Harris (Research Laboratories of the General 
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Electric Company, Wembley). Barium was distilled on a clean 
tungsten filament from an electrically heated spiral which 
surroimded it. The activation curve is similar to that for 
thoriated filaments. The Richardson equation is 

18,100 

I = l-5T^e ^ amps per cm. 2 . 

The value of the work function is about 1*56 volts. When about 
85 % of the tungsten surface is covered by barium, the emission 
is only 1 % of that from the complete layer. 

If a layer of oxygen is formed on the tungsten before the 
barium is deposited, the emission from WOBa is given by the 
equation 1 G .750 

/ = amps per cm.^, 

and the work function for the double layer is about 1*4 volts. 

As in the case of caesium, the rate of evaporation of barium 
is very much faster from the clean tungsten than from oxygen 
covered tungsten. For example, at 1250° K. the emission drops 
to half value in about 30 seconds in the case of WBa, while it 
takes over 100 hours with WOBa. In the latter case the oxygen 
layer is left practically complete after the barium has evaporated. 

The distillation method enables observations to be made when 
a layer of oxygen is formed on top of the barium. In this case 
it is found that the equation for WBaO is 

7 — 1-8 X lO-^T^e ^ amps per cm. 2 , 
and the work function becomes 1*9 volts. 

If now the filament is held at about 1300° K. a remarkable 
reversal of the layers from WBaO to WOBa slowly occurs, 
without any appreciable loss of either oxygen or barium. After 
this reversal has taken place the rate of evaporation of the 
barium is practically the same as if the oxygen layer had been 
formed first and the barium deposited subsequently. 

One oxygen atom appears to influence several neighbouring 
barium atoms; thus very incomplete layers of oxygen can 
produce a considerable reduction in thermionic emission and 
rate of evaporation. Also incomplete layers of oxygen may 
repeatedly be formed on WBa and allowed to reverse until 
no further oxygen can find a place below. 


R S C 
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Nitrogen does not form an adsorbed layer on tungsten at 
these temperatures, but if the nitrogen is activated, either by 
a subsidiary filament or by the emission from the barium 
covered filament, it forms a layer on the barium and depresses 
the emission. 

Nitrogen also possesses the interesting property of con- 
siderably accelerating the rate of reversal from WBaO to 
WOBa. For this it is not necessary for it to be in an activated 
state. Further, if the filament is cold, ordinary nitrogen forms 
an adsorbed layer on barium so that the surface is WBaN. 
In this state it is found that the barium is protected from 
dkygen. If the filament is now heated, the nitrogen comes off 
and WBaO is formed. If, however, the oxygen is removed 
before heating, the nitrogen layer comes off and the full 
thermionic emission of WBa is obtained immediately. 

Perhaps one of the most remarkable results is that it has 
been found possible to build up systems of several alternating 
adsorbed layers of barium and oxygen. The two principal 
systems are : 

(а) W O Ba O Ba O Ba . . . 

(б) W Ba O Ba,0 Ba O Ba 

Of these, form (a) is very much more stable than (6). The 
former has been followed up as far as nine layers and the latter 
to six layers. The various layers of -atoms in these multiatomic 
structures preserve a more or less individual existence and can 
be evaporated off or removed by nitrogen one by one. In thick 
films of barium oxide the barium ion at the surface diffuses 
back through the lattice of the oxide crystal until it reaches the 
underlying tungsten ; here it obtains an electron and the newly 
formed barium atom wanders back to the outside, but only 
through the grain boundaries of the film. It is for this reason 
that microcrystalline emitting surfaces are better than large 
grained surfaces. 

Oliphant (Proc, Camb, Phil, Soc. xxiv. 466, 1929) has studied 
the effect on the secondary electron emission of bombarding a 
metal surface with positive ions of the alkali metals. He found 
that with a target area of 3 mm. diameter and a positive ion 
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current of 0* 1 microampere it took almost eight minutes 
for the secondary electron emission to be constant, that is, on 
* deposition of approximately four layers of atoms of sodium 
potassium and caesium, the nickel surface now behaves as one 
of pure alkali metal. With rubidium a film some seven atoms 
thick was necessary. In many cases, with low velocity positive 
ions, discharges can be effected and thick layers built up on 
the top of a gas film on the surface, but with high velocity 
positive ions this gas film can be broken down and the ions 
discharged on to the actual metallic surface. The evidence for 
the persistence of gas films, to which according to Oliphant the 
secondary electron emission may be due even at pressures as 
low as mm., is in agreement with that noted on p. 201 and 
by Knefft (Phys. Rev. xxxi. 199, 1928). 

Still another method has been elaborated for the investi- 
gation of the properties of unimolecular metalHc films by Ives 
{Astrophys. J. lx. 4, 1924; Phys. Rev. xxxiv. 117, 1929), who* 
has shown that the long wave limit of photoelectric emission 
of a metal in the form of a thin film varies with the film thick- 
ness. For a unimolecular film of an alkali metal on platinum 
this limit is farther towards the infra red end than the limit for 
a thick film of the same metal. The unimolecular film threshold 
value was found to be 0*59/x for sodium on platinum and 
tungsten, for potassium 0-77/x, for rubidium 0*795/x and for 
caesium on platinum and on silver 0-895/ix. 

These long-wave limits for the unimolecular films indicate 
that in contrast to thick layers the process of photoelectric 
emission occurs when sufficient energy is given to the atom to 
produce its first state of excitation, i.e. that the energy necessary 
to bring the atom to resonance releases the electron, and that 
there is no energy spent in overcoming the attractive action of 
the underlying metal because this is screened by the uni- 
molecular film. 

It might also be inferred that the unimolecular film of alkali 
metal is not adsorbed on the space lattice of the underljdng 
platinum, but is either distributed at random or is in movement, 
otherwise the effects of the underlying metal lattice on the 
energy necessary for emission would not be negligible. We may 

15-2 
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observe that the work function of 9*2 volts found for oxygen 
on tungsten is in agreement with Ives’ work on alkali films. 
The results might lead one to suspect that chemical reaction 
between an adsorbed atom and the substrate to form a hetero- 
polar compound is a necessary preliminary to electron emission, 
and that such chemical reaction does not take place until the 
necessary energy of excitation has been provided from external 
sources; the following is a diagrammatic representation of this 
view: 


M 

M 

M 
+ - 

M 

MX 

MX 

MX 

-> MX + e 

M 

hi> M 

M 

M 

M 

M 

M 
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11. The heat of adsorption. 

Some information on the properties of the solid gas interface 
may be obtained from an examination of the heats of adsorption 
'of vapours and of gases. 

If the available adsorbing surface remain constant in area 
during the process of adsorption of a vapour, then the affinity 
of the surface containing an amoimt x of adsorbed vapour for 
the liquid of the vapour will be given by 

= ( 1 ), 

X 

where and are the respective partial pressures of the 
vapour above the adsorbent and the liquid. The heat of wetting 
Ax can be determined with the aid of the Gibbs -Helmholtz 
equation 

A,- T = RT^ ( 2 ). 

Williams {Proc. Roy, Soc. Edin, xxxvm. 24, 1918) dis- 
tinguishes between three isothermal heats of adsorption : 

(а) The case where adsorption proceeds in such a manner that 
the vapour phase is continually in equilibrium with the adsorbed 
layer. 

(б) The heat of adsorption at constant pressure in which the 
gas is at constant pressure but not necessarily the equihbrium 
pressure. 
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(c) The heat of adsorption at constant volume in which the 
total volume of the system is kept constant and the gas 
adsorbed with a fall of pressure. For gases which may be 
considered ideal and for an adsorbing surface which remains 
constant in area we obtain, as above for the heat of adsorption 
at constant pressure, 

.p.,. = .(3). 

Calculations of the affinity have been made with a variety of 
surfaces for different vapours with the aid of equation (1). We 
may cite one from an extensive series of investigations by 
Goldmann and Polanyi {Zeit, physikal. Client, cxxxii. 320, 1928) 
for the affinity of ethyl chloride for charcoal at — 15-3° C. 


P^, mm. 

1190 log, 

cals, per grm. mol 

227-9 

33 

105-7 

427 

3-04 

2243 

1-41 

2640 

0-1193 

39(X> 

0-0372 

4500 

0-0177 

4890 


The heats of wetting calculated with the aid of equation (2) 
give values of approximately 5,000 cals, per grm. mol for the 
first grm. adsorbed on 10 grm. of charcoal, falling to 4,000 cals, 
when 1-5 grm. are adsorbed and 3,000 cals, on adsorption of 
3*3 grm. In all cases when ca. 80 % saturation was attained a 
rapid rise followed by an abrupt fall in the heat of wetting was 
observed. 

In a similar manner McHaffie and Lenher (J.C.8. cxxvii. 
1559, 1925) have calculated the affinity of water for etched glass 
and for platinum with the results on p. 230. 

Williams {Joe. cit.) has compared the values for the heat of 
adsorption of ammonia determined by Titoff and those obtained 
with the aid of equation (3); the results are given on p. 230. 
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Glass 

Platinum 

Temp. 

°K. 

Pressure 

cals, per 

Temp. 

°K. 

Pressure 

■^x 

cals, per 


grm. mol 


grm. mol 

293 

16*90 

20*6 

293-5 

18*01 

0 

298 

22*73 

26*1 

294 

18*96 

6*06 

302 

27*64 

52*2 

295 

19*10 

35*6 

305 

29*71 

110*4 

297 

20*32 

67*00 

308 

30*65 

194*8 

298 

20*61 

84*10 

311 

31*44 

282*2 




314 

31*97 

374*1 




317 

32*40 

468*2 





Although Williams concluded that the lack of agreement was 
outside the range of the probable experimental error and that 
some other change such as expansion of the surface accom- 
panied by heat evolution took place during adsorption, the 
difficulties of outgassing charcoal completely are so great that 
the discrepancies are probably unavoidable. 


logic X 

X in c.c. per 
grm. at n.t.p. 

A calc, 
cal. per c.c. 
at N.T.p. 

A obs. 

cal. per c.c. 
at N.T.P. 

2*10 

0*265 

0*386 

2*00 

0*290 

0*365 

1*80 

0*319 

0*360 

1*60 

0*329 

0*370 

1*40 

0*340 

0*376 

1*20 

0*360 

0*388 

100 

0*400 

0*410 

0*80 

— 

0*430 

0*60 

— 

0*460 


Lamb and Coolidge (J.A,C.8. XLn. 1146, 1920) have studied 
the heat of adsorption of a number of easily liquefiable vapours 
on oharcoal. They showed that the heat evolved per grm. of 
charcoal A wets a function of the amount adsorbed expressible 
in the form A = ax^. 

The following values were obtained for a and h with various 
vapours : 
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Vapour 

a 

b 

CCI4 

0-893 

0-930 

C.H,0C,H, 

cbi^i 

0-917 

0-921 

0-829 

0-935 

HCOOC2H5 

0-944 

0-907 

CS2 

0-752 

0-920 

CH3OH 

0-742 

0-938 


They also arrived at the following conclusions : 

(a) The greater the molecular volume the less adsorbable was 
the substance for a definite pressure and temperature. 

(b) The greater the number of molecules adsorbed at a given 
pressure the smaller the heat of adsorption. 

(c) Assuming the adsorbed gas to be in the liquid state, then 
the net heat of adsorption per c.c. of liquid was found to be 
identical for all substances examined, as indicated by the 
following data: 


Substance 

A 

Heat evolved per 
grm. mol for ad- 
sorption of 1 c.c. 
of liquid per 10 grm. 
of charcoal. Cals. 

1 

L 

Molecular heat 
of vaporisation. 
Cals, per grm. mol 

1 

* A- L 

Molecular net heat 
of adsorption 

1 

V 

Heat of Adsorption 
per c.c. of liquid 

CCI4 

16,090 

6900 

9190 


85-6 

CjH.Cl 

12,330 

6200 

6110 


86-4 


15,170 

7810 

7360 


85-0 


The variation in the heat of adsorption of ammonia by meer- 
schaum has been likewise examined by Chappms (Wied. Ann, 
XIX. 21, 1883) and the data are given overleaf. 

Conclusions similar to those of Lamb and Coolidge for the heat 
of adsorption of a number of vapours and of some gases were 
arrived at by Gregg (J.C.S. ii. 1506, 1927), although in the case 
of nitrogen the exponent b was found to be almost unity. The 
Williams equation was found to be generally appHcable. 

Kalberer, Mark and Schuster (Zeit, Elehtrochem. xxxv. 601, 
1929) have calculated the “heats of adsorption*' by assuming 
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Pressure 
cm. Hg 

1 

A 

cals, per 
grm. mol. 

0 

20,500 

0 - 0-5 

12,700 

0*5- 3*7 

11,300 

2-9-21 

8,970 

21 -57 

7,600 

Heat of liquefaction 

5,000 


them to be identical with the change in potential energy de- 
rived from the adsorption isotherms by means of a modifica- 
tion of the Boltzmann equation given on p. 71. 

A«,j 

^n\ V 

They neglect the volume n^v, thus obtaining 


A8 


X 

V 

and calculate the following values: 

SiTiiCA Gil. 


AT 


Gas 

cals, per 
grm. mol 

Temp.° K. 

A8 X 10* 

A cm.® X 10* 


7100 

273 

2-5 

1-7 

COj. 

7200 

273 

2-49 

1-66 

CO 

5300 

348 

45 

30 

Na 

3000 

273 

72-4 

48 

A 

2500 

273 

174 

110 


Aluminium Oxide. 


Gas 

6 at 0° C. 
cals, per 
grm. mol 

X 10* 

A cm.® X 10* 

A 

1800 

468 

300 

CH* 

2200 

490 

320 

C«He 

4900 

29-6 

20 

C.H4 

64C0 

3*99 

2-7 

Propane 

6500 

13-5 

9-0 

Propylene 

9500 

0-27 

0-18 
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• X 1 

Whilst for the more perfect gases the log ^ curves are linear 

over a wide range, for more condensible and thus more readily 
adsorbable gases, e.g. CgHa, NH 3 , the curvature is more pro- 
nounced in the sense that the apparent value of decreases 
with increasing surface concentration ; this is as might be anti- 
cipated, for at high surface concentrations the volume occupied 
by the molecules is not negligible, and at the same time (Ch. xi) 
it is possible that the potential function clianges with the 
closeness of packing of readily polarisable gases and vapours. 

The investigations of the heats of adsorption both of carbon 
dioxide and of oxygen on charcoal at low pressures have led to 
somewhat different conclusions. Magnus {Zeit. anorg. Ghem. 
ciii. 140, 1926; ibid, clxtv. 345, 357, 1927) and his co workers 
have shown that at pressures above 100 mm. the heat of ad- 
sorption of carbon dioxide falls but slightly with the pressure, the 
following table showing the variation observed at two different 
temperatures : 



Pressure in mm. 

Temperature 

194 

417 

444 


cals, per 

<;als. per 

cals, per 


grm. mol 

grm. mol 

grm. mol 

17° C. 

7740 

7514 

7487 

37° C. 

1 

7662 

7407 

7376 


At low pressures however the heat of adsorption rises, the 
rapid rise commencing at 40 mm. and attaining a value of 
12,450 cals, at a pressure of 0-076 mm. 

Blench and Gamer (J.C.S. cxv. 1288, 1924), Keyes and 
Marshall {J.A.C.S. xlix. 164, 1927) and Ward and Rideai 
(J.C.S. cxxix. 3117, 1927) obtained initial heats of adsorption 
for oxygen as high as 72,000 cals, per grm. mol at 0 *^ C., 
sinking rapidly to the almost constant value of ca. 4,000 cals, 
per grm. mol after ca. 2 c.c. per grm. had been adsorbed. The 
heat of adsorption at low pressures was found by the former 
investigators to possess an extremely large positive temperature 
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coefficient rising to some 224,000 cals, per grm. mol at 450® C., 
approximating to the heat of formation of carbon dioxide from 
gaseous carbon, viz. 400,000 cals. 

Keyes and Marshall state that they found an initially large 
heat of adsorption for chlorine and for ammonia, but the effects 
were not as marked as for oxygen. Titoff (Zeit. physikal. Chem, 
Lxxiv. 641, 1910) obtained 8,350 cals, per grm. mol for the first 
0*316 c.c. of hydrogen adsorbed on charcoal, with a subsequent 
value of 4,500 cals. /grm. mol up to 14 c.c. adsorbed; for 
ammonia for the first 6 c.c. 11,270 cals. /grm. mol. and then a 
constant value of 8,000 cals./grm. mol up to 120 c.c. adsorbed. 

Heats of adsorption on metals. 

The evidence for high initial heats of adsorption on metals 
is less conclusive. Foresti {Gaz. Chim. Ital. Liii. 487, 1923) 
obtained 11,400 cals./grm. mol for hydrogen on active nickel 
in agreement with a calculated value of 12,000 cals./grm. mol 
(Rideal, J.C.S. cxxi. 309, 1922); Beebe and Taylor (J.A.C.S, 
xliVi. 43, 1924) values from 13,500 to 20,500 cals./grm. mol 
dependent on the previous treatment of the sample. 

For hydrogen on copper Beebe and Taylor obtained 9,600 
cals./grm. mol, and for carbon monoxide on copper Beebe 
{J,P.C. XXX. 1538, 1926) obtained an initial high heat of from 

20.000 to 30,000 cals./grm, mol which fell after 2-3 c.c. were 
adsorbed to about 9,000 cals, per grm. mol. Fryling (J.P.C. xxx. 
818, 1926) with different copper catalysts found heats varying 
from 8,000 to 30,000 cals./grm. mol. Whilst the initial heats 
Were large, some promoted catalysts gave an initial low heat 
before the region of high heat. Taylor and Kistiakowsky {Zeit. 
physikal, Chem. cxxv. 341, 1927) and Kistiakowsky , Flosdorf and 
Taylor {J.A.C.S. xlix. 2200, 1927) repeated the work and also 
found an initial low heat of adsorption. Dew and Taylor {J.P.C. 
XXXI. 277, 1927) obtained 16,000-*8,000cals.pergrm.mol, 11,300- 

6.000 cals, per grm. mol and 8,700 cals, per grm. mol for the heat 
of adsorption of ammonia on iron, nickel and copper per grm, 
mol, the lower values being obtained near the saturation point. 

Taylor gives values for the heat of adsorption of carbon 
monoxide on copper of 30,000, sinking to 11,750 cals, per grm. 
mol as saturation is approached. On platinum black Kistiakow- 
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sky obtained some 100,000 cals, per grm. mol for the heat of 
adsorption of oxygen, 32,400 for hydrogen, 38,600 for carbon 
monoxide and 35,700 for sulphur dioxide. 

The experiments of Ward make it probable that the initial 
low heats of adsorption occasionally obtained are due to solution 
of the gas in the metal occurring simultaneously with adsorption. 
For active catalysts at low pressures, when the interior of the 
solid is almost devoid of dissolved gas, the quantity entering 
into solution in three minutes in sixty grams of copper is 
comparable with the amoimt adsorbed. Since the heat of 
solution of hydrogen in copper is probably sHghtly endothermic 
at room temperatures (Sieverts, Zeit. physikal Chem. xl. 179, 
1907; Ber. xltii. 893, 1910; Zeit, physikal. Chem. Lxxvii. 591, 
1911), ca. 3,000 cals, per grm. mol, low apparent heats of ad- 
sorption will be obtained until higher pressures are reached, 
when the rate of solution in the gas containing solid becomes 
a less important factor. 



The sorption and adsorption curves obtained by Ward 
for hydrogen and copper are depicted above. The former is 
naturaUy not the equilibrium curve, but represents the amount 
of gas entering the metal during the time intervals necessary 



236 


GAS-SOLID INTERFACE 


for the calorimetric observations. On determining the heats of 
adsorption on copper, Ward found that the heat of adsorption 
was constant at all stages of filling the surface but varied with the 
age of the surface. On a freshly prepared copper surface the 
heat of adsorption was found to be some 56,000 cals, per grm. 
mol, rapidly dropping to 26,500 cals, per grm. mol on increasing 
age, and finally settling down to a constant value of ca. 14,000 
cals, per grm. mol. 

12. Adsorption on rough surfaces. 

The wide difference between the views of Langmuir and 
Volmer on the one hand and of Eucken and Polanyi on the 
other necessitates a closer analysis of the experiments which 
have been advanced to support the two theories. We may first 
enquire whether there is any definite evidence for the formation 
of multimolecular layers of gases or even vapours when on plane 
surfaces. The data of Langmuir for adsorption of gases on 
platinum and mica definitely negative the view that multi- 
molecular layers are formed. Similar conclusions can be drawn 
from the work of Iredale (see p. 76) on the adsorption of vapours 
on hquid mercury and from the behaviour of lenses of benzene 
on water. Vapour condensing in excess of that required for the 
formation of a unimolecular layer collects into a lens and does 
not acoumxilate in the form of a sheet of increasing thickness. 

McHaffie and Lenher {J.C.S. cxxvii. 1559, 1925), Lenher 
{J.C.S. cxxviii. 1785, 1926; cxxix. 272, 1927) and Frank 
{J, Phys. Chem. xxxiii. 970, 1929) concluded from their experi- 
ments on the adsorption of water and benzene vapour on glass 
fused quartz and platinum that thick films were formed. 
Smith (J,C,S. cxxx. 2045, 1928) arrived at similar conclusions 
for the adsorption of these vapours on amalgamated platinum. 
On the other hand, on freshly blown glass Frazer, Patrick and 
Simth («/. Phys, Chem, xxxi. 897, 1929) obtained no evidence 
for multimolecular adsorption ; this was also found to be the case 
for smooth amalgamated silver by Latham {J,A,G,8, l. 2987, 
1928), and for pyrex glass with toluene vapour by Carver 
{J,A,C,8, XLV. 45, 1923). 

If glass be etched either with acids or even on standing in 
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contact with water, or if a metal surface be made rough, then 
quantities of vapour in excess of the quantity apparently 
necessary for the formation of a unimolecular layer are readily 
taken up. The evidence against multimolecular layer formation 
for gases and vapours (up to the dew point) on plane surfaces 
may be regarded as convincing*, and it remains to investigate 
how far the quantities of gases and vapours taken up by porous 
and rough surfaced materials may be reconciled with the view 
that first a unimolecular is in reality formed but owing to gross 
undervaluation of the specific surface the apparent adsorption 
is greater. An examination of the complete adsorption iso- 



therms for vapours up to the saturation point indicates that the 
isotherm is composite, the first portion obe 3 dng quite closely 
the adsorption isotherm of Langmuir or, up to 40 % saturation, 
with that of Williams f, but as the pressure increases more 

* We may note that on metals the question whether adsorbed gases occupy 
only the intrinsic field volume or both the intrinsic field volume and the first 
layer of the mirror image field remains open. It is possible in experiments on 
adsorption that only in rare cases is the intrinsic field ever completely denuded 
of material. 

t Williams makes, as we observed, no assumption as to the thickness of the 
adsorbed layer; by extrapolation he calculated the constants of the zero 
isostere and from these obtained the area of the surface and the thickness of 
the film. From Homfray’s data on charcoal the surface area was found to be 
1*3 . 10* cm.*-* per grm. and the thickness of the film 3-2 to 4*1 A., i.e. a uni- 
molecular layer. The Williams equation also holds true for Og and Hg on silica 
gel and for Ng and Hg on charcoals up to a pressure of 100 atmospheres. (Briggs, 
Proc, Roy, Soc. Edin, XLi. 119, 1921.) (See also HgO on oxides, Bray and 
Draper, Proc. Nat, Acad. Sci. xn. 297, 1926.) 
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vapour is taken up. We may conclude with some degree of 
assurance that a unimolecular layer is first formed over the 
whole of the accessible area, but that at higher pressures an 
excess of vapour is adsorbed in excess of the unimolecular 
saturation amount. The most striking result of the numerous 
investigations on the adsorption of vapours on rough materials 
is that with the vapours of different hquids the material, 
usually charcoal, shows an almost fixed adsorption volume 
rather than a fixed adsorption area. Some values taken from 
the accurate data of Coolidge {J.A.G.S. xl.viii. 1795, 1926) are 
given below. 


Vapour 

• 

V'clume of liquid at 

O'" C. neceHsary to give 
the volume of vapour re- 
q Hired for saturjition of 

1 grm. charcoal at C. 

HaO 

0-424 

CCI4 

0-434 

CHCI 3 

0-442 

CSa 

0-450 

CH 3 OH 

0-450 

HCOOC2H5 

0-454 

CcH, 

0-467 

CH 3 COOCH 3 

0-490 

(CaHJaO 

0-490 


These values are not completely concordant and the dis- 
crepancy has been ascribed to one of two causes, either water 
penetrates not so deeply as ether into the narrowest of the 
micropores, thus saturation is obtained at a lower apparent 
adsorptive volume, or the vapour when condensed is subjected 
to high pressures, for the saturation volumes of the liquids stand 
almost in the order of their compressibilities. Whilst a definite 
decision on this point has not been attained, yet the view that 
condensation occurs receives strong support. 

According to the classical view, condensation in the capillaries 
of the porous materials would occur above the dew point of the 
liquid on account of their small size. This theory of capillary 
condensation has been supported by Zsigmondy (Zeii, anorg, 
Chem, liXXi. 356, 1911; Zeit, physikid. Chem. lxxv. 189, 1912), 
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Anderson {Zeit. phys. Chem. l.xxxviii. 213, 1914) and Patrick 
and his co-workers {J,A,C,S. xlii. 946, 1920; KoU. ZeiU xli. 
272, 1925; J,P.G, xxix. 336, 1926; ibid. xxix. 421, 1926; ibid. 
XXIX. 601, 1926). 

If the Kelvin equation be applied for determining the sizes 
of the capillaries which would be filled with liquid for the 
different pressures observed on the adsorption isotherm, the 
radii are found to be less than the molecular diameters at low 
pressures and increase in size up to five or six molecular dia- 
meters as the pressure increases. We have already noted the 
experimental evidence against the applicability of the Kelvin 
equation to such micropores, and the theory of capillary con- 
densation in this form can be criticised as shown by Ooolidge 
and Polanyi in other directions. In the first place the tempera- 
ture coefficient of absorption is far less than is that demanded 
by the capillary theory, in fact the quantities of vapour calcu- 
lated as liquid required to saturate charcoal with rising tem- 
peratures is about that calculated from the coefficient of 
dilation. Coolidge obtained the following data: 


Liquid 

Tempera- 
ture range 
°C. 

Ratio of volumes 
in liquid form con- 
densed at the two 
temperatures at the 
saturation point 

Ratio of volumes 
of liquid at the two 
temperatures from 
coeflicient of 
dilation 

1 

Benzene ... 1 

.33-99 

1065 

109 

Ether ... ... j 

0-60 

109 

111 

Carbon disulphide i 

0-60 

107 

1*08 

Methyl alcohol ... ! 

0-60 ! 

108 

107 

Water ... ... | 

0-99 i 

! 

105 

104 


The absorbed water showed a regular coefficient of dilation. 

Coolidge has tested the Kelvin equation from the relative 
pressures of different vapours required to fill a gram of charcoal 
with the same amount of vapour, i.e. 0*2 c.c. in the condensed 
form at 0° C. In the case of benzene at 0° C. the pressure 
necessary was 0-0055 mm. With a value of cr = 32 dynes per cm. 
and V = 86-9 c.c., we obtain r = 2-89 A. as the mean radius of the 
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capillaries. Taking the relative pressures for different liquids, he 
obtains : 



Benzene 

CSg 

Ether 

Water 

Liquid temperature ° C. 

99 

160 

0 

0 

0 

~ log p calc. 

1*82 

119 

2-65 

2-51 

1-80 

— log p obs. 

2-74 

2-44 

2-60 

400 

0-26 


The same lack of agreement is foimd in the data of McGavack 
and Patrick (loc. cit,) for the absorption of sulphur dioxide by 
silica gel. We may note that in these investigations CooUdge 
ignores the possibility of a variation in the wetting angles of 
these different liquids for the charcoal surface. The evidence 
presented leads to the conclusion that there exist three stages in 
the filling of a porous solid with vapour — the formation of a 
unimolecular layer, the filHng of microcapillaries and finally the 
filling of macrocapillaries. The Kelvin equation is not applicable 
to the fflHng of the microcapillaries and it appears that no simple 
equation has yet been developed connecting jp and x over this 
range. 

The evidence for lateral mobility of the surface adsorbed 
phase has already been presented, but as was noted, whilst the 
visual observation of the migration of adsorbed metal atoms on 
various surfaces have been obtained, it is doubtful w^hether 
the adsorbed atoms were moving over the adsorbent or over a 
gas film already present in the adsorbent. The work of Davisson 
and of Germer (loc. cit,) leads us to suspect that on nickel at any 
rate adsorbed gases are not readily removed, a result quite 
readily understood if the gas were oxygen. 

In the Langmuir isotherm ^ ^ factor b represents 

the surface saturation maximum, and the applicability of the 
isotherm has been criticised by Polanyi since b should not vary 
with the temperature but in fact does so. The criticism is not 
quite valid since there will be a coefficient of superficial dilation 
of the solid, the number of elementary spaces per sq. cm. de- 
creasing with elevation of the temperature ; further, the fissures 
in the grain boundaries may suffer quite considerable changes 
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in size with alteration in the temperature. Zeise {Zeit. physikal, 
Chem. cxxxviii a. 289, 1928) has calculated the values of b for 
various temperatures from the experimental data of Homfray, 
Titoff and Richardson, and finds that over a wide range h can be 
expressed in the form ft = _ ]cT. 

If be calculated from his figures, a value much greater 

than that attributable to the increase of superficial area due to 
thermal expansion alone, i.e. ca. *00001, is obtained. 

On the other hand if the adsorbed phase is not rigid, we 
might regard, with Wilkins and Ward {Zeit. physikal. Chem. 
cxi.iv A. 259, 1929), the adsorption maximum occurring at a 
constant value of the two-dimensional pressure. The area per 
grm. mol, 1/6, at saturation will therefore increase with tem- 
perature in a manner similar to the expansion of a gas at 
constant pressure and the saturation maximum will decrease. The 

coefficient should be equal to the cubical expansion of a 
gas, i.e. 0*0037 at 0° C. for a perfect gas. 

Some of the values for are given in the following table. 


Observer 

Gas 

Adsorbent 

Mean temp. 
°C. 

- dh 
bdT 

Titoff 


Charcoal 

0 

•0059 


NH 3 


0 

•0057 

Richardson 

NH 3 

,, 

0 

*0031 


COa 


0 

•0051 

Homfray 

Ar 


0 

•0080 


CO 

„ 

0 

•0094 

Gutbier and Maisch 

Ha 

Pt black 

0 

•0027 

Geddes 

CO 2 

Charcoal 

25 

•0085 

Firth 

NH 3 


0 

•0086 

Travers 

COg 


40 

•0010 

Langmuir 

Na 

Mica 

~ 150 

•0146 

CH 4 


- 150 

•0193 


CO 

99 

- 150 

•0150 


A 

99 

- 150 

•0146 


Oa 

\ 

~ 160 

•0195 


It will be observed that the values of , although subject 
to wide variations, are of the same order as the coefficient of 


R S C 


i6 
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dilation of a two-dimensional gas, the gas becoming more 
imperfect as the temperature is lowered. The two-dimensional 
pressures are of course unknown and probably vary from gas 
to gas. 

This examination of the effect of temperature on the saturation 
maximum of the unimolecular film supports the concept of a 
mobile rather than a static two-dimensional phase. 

13. The rate of surface attack. 

Two different types of surface attack by gases can be con- 
sidered; in one the product of reaction is rapidly volatilised 
from the smface so that the surface is always clean; in the 
other the product is non-volatile and the reactant diffuses 
through an increasing thickness of product. 

But little attention has been paid to the former class of 
reactions, although the rate of oxidation of tungsten by Lang- 
muir (J,A.C.S. xxxvii. IIGI, 1915), of platinum by Rideal and 
Wansbrough Jones {Proc. Hoy, Soc. A, oxxiii. 214, 1929) and 
the rate of chlorination of copper by Frommer and Polanyi 
(Zeit. physikal, Chern, cxxxvii. 201, 1928) have been studied 
under these conditions. From the influence of the temperature 
on the reaction rate, which is given by 

where A is the accessible area and jp the pressure of the gas 
which is very low, the energies of activation can be determined. 
In the case of the oxidation of these two metals they are found 
to be £7 = 20,000 and E = 63,000 cals, per grm. mol respectively. 
The data for the chlorination of copper are not sufficiently 
comprehensive for an accurate evaluation of E, but it is certainly 
small. A close parallehsm is to be noted between the critical 
energy increments and the electron work functions of the metal 
as is indicated by the following data. 


Metal 

E volts 

volts 

<(>-- E 

Pt 

2-74 

6-35 

3-61 

W 

0-87 

4-48 

3-61 
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We might anticipate that metals with work functions less than 
3*61 volts would imdergo oxidation without energy of activation, 
thus forming reactions of the class usually defined as elementary 
reactions. 

The formation of relatively thick films on metals by surface 
attack has been studied at low temperatures chiefly by Tam- 
mann (Zeit. anorg. Chein. cxxiii. 197, 1923; cxxviii. 179, 1923; 
Ciiil. 149, 1926; cexix. 43, 1927), Evans and Bannister {Proc. 
Roy. Soc. A, cxxv. 370, 1929) and Ivolilsch litter {Zeit. EleJctrochem. 
XXIX. 570, 1923), and at higher temperatures by Pilling and 
Bedworth {Journ. Inst. Metals, xix. 529, 1923), Utida and JSaito 
{Sci. Rep. Tohohu JJniv. xiii. 391, 1925) and by Dunn {Proc. 
Roy. Soc. A, CXI. 211, 1926). When the volume of the oxide is 
less than the volume of metal from which it is formed, a porous 
non-pro tective oxide is formed; such is the case with the alkali 
and alkaline earth metals. Other metals form compact films 
both with oxygen and with the halogens. 

Tlic rate of attack by these gases at relatively higli pressures 
is given by the parabofic diffusion law 

= let -f c (1), 

where x is the thickness of the oxide film formed. It is clear 
that the gas must diffuse either through the lattice of the oxide 
or halide or along the grain boundaries (see Rolf, J. Inst. Met. 
xxix. 587, 1927), i.e. in the Smekal cracks contained in the 
film. In special cases, e.g. zinc in the case of the oxidation of 
brass (Dunn, loc. cit.) or, according to Pfeil {J . Iron and Steel, 
cxix. 500, 1929), iron in the high temperature oxidation, the 
metal may diffuse up through the layer of oxide to meet the 
entering gas. 

The relative extents to which lattice diffusion or grain 
boundary diffusion of the gas through the protecting film takes 
place depends on the nature of the film and the temperature. 
Investigations on the rate of oxidation of copper have been 
extended by Hinshelwood (Proc. Roy. Soc. A, cii. 318, 1922), and 
by Wilkins ; the latter concludes that at high temperatures both 
lattice and grain boundary diffusion takes place, but at tem- 
peratures below 600° C. the grain boundary diffusion process is 
predominant. 

1 6-2 
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It was found that with copper which had been activated, 
by alternate oxidation and reduction, the initial rate of oxida- 
tion as measured by the decrease in pressure of the gas exposed 
to the metal could be expressed in the form 

log“=*< (2). 


This simple relationship does not hold when the oxygen 
pressure is high or when the specimen of copper had not been 
rendered active by the process of alternate oxidation and 
reduction. The four factors which have to be considered in the 
attack of a metal through a film of product, e.g. oxide by a gas 
such as oxygen, are (a) the rate of supply of oxygen to the 
oxide surface, (b) the rate of removal of the oxygen from the 
oxide surface into the gas by evaporation and into the oxide 
by penetration, (c) the rate of diffusion of the oxygen which has 
penetrated into the oxide and (d) the final rate of reaction with 
the metal. The evidence presented in the previous section shows 
that this latter reaction is, for all metals with low electron 
work functions, a relatively rapid process. At low pressures (a) 
will be the controlling factor, and under these circumstances we 


obtain 



( 3 ), 


giving on integration (2) conditions experimentally realised by 
Wilkins. 

On inactive copper the grain size is large and the diffusion 
rate (c) is thus the controlhng factor. The temperature co- 
efficient of the low temperature oxidation was found to be 
10,000 cals, per grm. mol; this low value suggests that it is 
nothing more than the energy which a portion of the grain 
boundary must possess before an oxygen molecule can diffuse. 

Since the preliminary to reaction is an adsorption on the 
surface of the oxide film, it is evident that the parabolic law will 
hold only for conditions under which the adsorbing surface is 
saturated. The surface adsorption cquihbrium will depend at 
low temperatures both on the gas pressure as well as on the 
number of Smekal cracks through which the gas can pass by 
lateral diffusion ; thus we anticipate a limiting pressure above 
which the quadratic diffusion law is obeyed and that this 
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limiting pressure should vary with the activity of the surface, 
being higher for active surfaces. Pilling and Bed worth (Zoc. cit.) 
obtained 0-3 mm., Berger (O.iZ. CLViii. 1502, 1798, 1914) 100 mm. 
Wilkins obtained 9*5 mm. for inactive copper, rising to 25-2 mm. 
after the first process of activation, 60 mm. after three more 
alternate oxidations and reductions, and finally 130 mm. after 
eight such alternate processes. On sintering the metal oxide, the 
limiting pressure was reduced again. 

If Vg be the rate of evaporation of oxygen from the oxide 
surface and the rate of penetration into the oxide from xmit 
area and a fraction 6 of the surface is covered when the pressure 
is p, then the rate of condensation of the gas on the oxide 
surface wiU be 

the rate of loss from the oxide surface into the gas phase and 

into the solid will be / , \ n /^v 

{vg -f i/j e (5). 


A further loss, important near the limiting pressure where 
6 approaches unity, may result by evaporation caused by an 
adsorbed molecule being struck by a molecule from the gas 
phase ; this can be written 

vpO (6). 


The rate at which the surface attains equilibrium will be given 
by the relative rates of the above three processes or 

(1 — K + >'») ^ - 

ap (1 - bO) -- cO, 


where a, b and c are constants. 
dd 

At equilibrium 0 or ap ( 1 — bO) 


cO = 0, and since 


we obtain 

_dp _ Kp 

^ (Po - P) {Kp 


dp _ kQ 
dt ~~ Pq — p'‘ 

^ and P lunitiiiff 


{^n + 0 

ak — 6) — vd^ 


which increases with the number of grain boundaries (i/^) present 
per unit area. 

Wilkins found that this expression held accurately for the 
reaction rate after the surface equilibrium had been attained. 
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He likewise noted an interesting phenomenon in that electro- 
static fields of the order only of 30—40 volts per cm. altered the 
high pressure but not the low pressure oxidation rate of copper. 
As we have seen (p. 208), only high field strengths could alter 
the adsorptive equilibrium which governs the low pressure 
oxidation rate; this effect must therefore be due to the influence 
of a charge on the rate of diffusion of oxygen through the 
Smekal cracks, possibly effected by altering the spacing between 
the blocks forming the grains, but a detailed investigation of 
this phenomenon would be desirable. 

14. Catalytic reactions at solid surfaces. 

Many solid surfaces are the seat of catalytic action (cf. 
Sabatier, La Catalyse en Chimie Organique\ Rideal and Taylor, 
Catalysis in Theory and Practice). 

In considering the reaction velocity as a function of the partial 
pressures, both those of the reactants and frequently those of 
the products have to be considered. 

For the purposes of classification it is convenient to regard 
the reactions taking place as two-dimensional gas reactions on 
the surface, the rates being proportional to the surface con- 
centrations. In the case of a bimolecular reaction, partial inhibi- 
tion takes place when the reactants are not adsorbed in the 
optimum ratio ; if the product is strongly adsorbed, the reaction 
velocity will likewise suffer a fall. 

The relationship between the surface concentration and the 
gas pressure can be expressed with the aid of the suitable 
adsorption isotherm. A convenient classification of surface 
reactions has been given by Schwab (Ergeb. der Deut. Naturwiss. 
VII. 276, 1928) and by Schwab and Pietsch {Zeit. Elektrochem. 
XXXV. 575, 1929). On the assumption of the applicability of 
the Langmuir isotherm, 

\ + bp* 

the surface concentration will be proportional to the gas pressure 
at low pressures or for gases weakly adsorbed, and independent of 
the gas pressure at high pressures or for gases strongly adsorbed. 

The table of these authors with slight modification is given 
below. 
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Type A. Decomposition of a reactant R at a pressure at a surface, the 
, products exerting no inhibiting effect. 


Case 

Reaction velocity 
as a function of 
the pressure of R 

Example 

Surface 

Al. 

E weakly adsorbed 

flR , 

AsH^PHj 

HCOOH 

CTI, 

Olass^ 

Various 

surfaces'^ 

Carbon^ 

A 2. 

R fairly strongly 
adsorbed 

(JR kp 

dt 1 + bp 

SbH. 

NH 3 

Glass^ 

Tungsten^ 

A3. 

R strongly adsorbed 

II 

1 

III 

Gold® 


Type B. Decomposition of a reactant at a pressure p at a surface, one pro- 
duct B at a partial pressure p' inhibiting the reaction. 




Reaction velocity 




Case 

as a function of the 
pressure of R and of B 

Example 

Surface 

Bl. 

R weakly adsorbed 

dR 1 




but B fairly strongly 
adsorbed 

- <u + bY 

NjO 

Platinum^ 

B 2 . 

R weakly adsorbed 
but B very strongly 

11 

1 

NO 

Platinum® 


adsorbed 

at p 




dR kp 



B3i. 

Both E and B 
strongly adsorbed 

di 1 + -f b'p' 

NH 3 at low 
pressures 

Platinum® 

B3ii. 

R weakly adsorbed 




but two products 
B and C strongly 
adsorbed 

1 

II 

NH3 

Platinum® 
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Type C. A multimolecular reaction nR ■+- m8 JB + ... m which the products 
do not inhibit the reaction. 


Case 

Reaction velocity as a function 
of the pressure of R and of 8 

Example 

Surface 

Cl. 

Weak adsorption of 
both R and S 

i 

!1 

1 

2 H 2 + O 2 
->2H20 

C 2 H 4 + Brg 

-^C^H^Bra 

Porcelain^® 

Glassii 

C 2 . 

R weakly adsorbed, 
S fairly strongly ad- 
sorbed 

dt *U+6WVl+6,W 

CO 2 + H 2 

Platmum^^ 

C3. 

R weakly adsorbed, 
6 ^ strongly adsorbed 

dR hp,t 
dt p.,, 

2 II 2 C2 at 
low tem- 
peratures 
2CO + O2 
CaH. + Ho 

Platinum^® 

Platinum^® 

Copper'* 

C4. 

R very weakly ad- 
sorbed, 8 strongly 
adsorbed 

1 ! 

1 

2 H 2 + O2 at 
high tem- 
peratures 
2CO + O2 

Platinum'® 

Platinum'® 


Bodenstein, Zeit. physiluL Chem. xxix. 665, 1899. 

Steward and Edland, J.A.C,S. xlv. 1914, 1923. 

Hinshelwood and Pritchard, J.C.S. cxxvn. 1552, 1925. 

Langmuir, Trafis. Farad. Soc. xvii. 621, 1922. 

Rideal, J.C.S. cxxi. .309, 1922. 

Type D. A multimolecular reaction nR + mS B + ... in which a product 
inhibits the reaction. 

The contact process for the formation of sulphur trioxide on platinum 
black examined by Bodenstein and Fink {Zeit. phi/sikal. Chem. lx. 1, 1907) 
is the only reaction examined which falls in this class; the reaction velocity 
can be expressed in the approximate forms with excess of either reactant 

dR kp„ dR kps 

or — = — -- ■ . 

dt \ Ph dt 1 -f- p,, 

A few other reactions have been examined, but not in great detail, which 
do not fit into this scheme. 

From the influence of temperature on the reaction velocity 
we can calculate the energies of activation according to the 
following method due to Kunsman. 

If a,- be the rate of condensation of one of the participatory 
gases, and cr^ the fraction of the surface covered with the gas 
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the rate of evaporation of this gas i at a temperature T will be 

_ 

where A,- is regarded as a constant; hence 

_ A, if. 

dT-^ R • 

When equilibrium with the surface is established 

(l - I <7,)a, = a,6,C^‘^ (i = 0, 1, 2, ...), 
i.e. (Tq (1 + -Sq) + + ^2 ••• ^ fj 

CTo + O'! (1 + -^l) "h 0‘2 + ... + CTn = 1, 

O'o + O'! + 0^2 + ••• + (1 1' 1* 

Solving these equations for cto, o-j, o-g, etc., 


where 


zs; ^ 

t- l + fio + - + 


If the forward reaction has an observed reaction velocity of 
k with a true heat of activation Q, then 

h oc cr^e 

d , , E Q , (I . 

dT-^ log ^ “ R 

and E the observed heat of activation is equal to 

Q~R log C70 = <2 + ie , log A 

=--(2 + 


(2 - A-^ K-Bo + 2 CKB„ - KB„) i#„-i 


= <2 - |a„ (^ - 1) - I A,.£,->J 

— — A(| (1 — O'q) “f" Aj CT], ^2 ^2 “h • ■ • 4' A,J 


Q — Ao + ^ A, (T, 
0 
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If Aj are all equal and the surface is completely covered, 
ScTi = 1, then E = Q\ again if A, are all about equal and !£cri is 
constant, E will be constant. 

We can apply this to the case of the decomposition of ammonia 
into nitrogen and hydrogen on the surface of metals ; the am- 
monia is adsorbed on a fraction of the surface c7o> product 
hydrogen on a fraction , and the nitrogen is only very weakly 
adsorbed. Thus we obtain 

(1) o-Q + 0-1 =- 1, 

(o\ 

^1 ^0 1 ” ^0 


> e St 

(To 5i 


G {T). 


If every ammonia molecule striking the surface condenses, we 
obtain / 7 i,r v i 

Po ( ^ (rp\ 


1 — (7() ■ 


Hence solving for cto we obtain 
^ _ [Px(M^\h 


g (T) + 1 


At any one temperature the reaction velocity is proportional 


or ^ 1 - 

k a(T)\Mj po^ C {T)- 

Hence on plotting ^ against should obtain a 

straight line cutting the ^ axis at ^ with a slope of y • 

k 

The value of C (T) = — is the true rate of decomposition per 

o’o 

unit area covered with ammonia, and — Rd log C {T)ldT^^ should 
be the true heat of activation Q. If erg = 0 and ctq + o-j = 1, then 

^ = (2 + (Ai - Ao) (1 - CTo). 

Hunsman obtains for the decomposition of ammonia on 


k = C (T) 
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tungsten Q = 41,500 and Ay — Aj = 1,500, on iron Q = 41,600 and 
Ao — Ai = 5,300 cals, per grm. mol. 

Energies of activation calculated in this manner give lower 
values than the corresponding homogeneous reactions, and we 
must assume that collisions in the intrinsic field of the catalyst 
surface are more fruitful in reaction than those in the gas phase. 
Enquiries as to the reason of this lead us in two directions, 
firstly whether these reactive collisions occur all over the 
catalyst surface or only at special places, and sc'condly whether 
fhe increased fruitfulness or lowering of the critical energy 
increment is due solel 3 ^ to the effects of orientation wdiich we 
have shown to be present, or to other reasons. 

It has frequently been suggested that catalysis does not 
proceed at a uniform rate over the whole of an accessible 
catalytic surface (see Langmuir, J,A,C.S. xxxviir. 2223, IhlC; 
XL. 1361, 1918; Kideal, J,C.8, cxxi. 309, 1922; Second Solvay 
Conference, Oct 1 925; Taylor, Proc. Roy, Soc. A, cviii. 105, 1925; 
J.P.C. XXX. 145, 1926; Adkins, J.A.C.S. XLV. 811, 1923; L. 1930, 
1928; LI. 2930, 1924; Casscl, Naturwiss. 1928; Pietsch and 
Schwab, Zeit. physikal. Ghent, cxxxvii. 385, 1928). Evidence for 
this assumption is noted in many directions, firstly the sensitivity 
of a catalyst to heat treatment and the effect of minute amounts 
of poison on the catalytic activity. Many cases are known 
(cf. Vavon and Husson, C.R. clxxv. 277, 1927) where the 
progressive addition of a poison will lower the catalytic activity 
apparently in stages. Supplementary evidence can be adduced 
by the effect of addition agents which serve as true promoters ; 
thus copper promoted with small quantities of palladium will 
cause the rates of catalytic combustion of carbon monoxide 
hydrogen mixtures to be quite different to that anticipated from 
any additive law of surfaces. 

It seems likely that this differentiation of the surface becomes 
less pronounced as the temperature is raised, for at high 
temperatures surfaces appear to be almost uniformly active. 
The views expressed concerning the structure of these active 
patches vary from the conception of an isolated atom forming 
the first member of a new lattice layer through concepts of 
special atomic configurations to suit each special reaction to 
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the edges and crystal corners, including the Smekal cracks or 
grain boundaries. 

We have already cited evidence from the oxidation of copper 
to the enhanced activity of surfaces in which these grain 
boundaries are well developed, i.e. for a surface in a micro- 
crystalline state. 

That such active boundary lines occur on catalytic surfaces 
indicates that orientation at the surface cannot be the sole 
factor responsible for the lower critical energy increment. 
We shall have occasion to note in discussing the adsorption of 
electrolytes by charcoal and by platinum that the nature and 
extent of the adsorption is governed by the magnitude of 
the interphasic potential, the solid serving as a gas electrode, 
and that similar observations can be made as to the mechanism 
of the hydrogen and oxygen electrode. The importance of the 
intrinsic field is also emphasised in dealing with problems of 
thermionic emission through thin films, and we noted that a 
single atom on the surface would not only be highly deformed 
if polarisable but would also affect its neighbours for a con- 
siderable distance around it : likewise the continued functioning 
of an oxide coated emitter was dependent both on lattice diffusion 
of ions as well as on fissure or slip plane diffusion of atoms. 

It is possible that the mechanism of catalytic processes at 
such surfaces will be elucidated by a closer examination of the 
properties of and the actions caused by these intrinsic fields 
existing at surfaces. 



CHAPTER VI 

THE LIQUID-SOLID INTERFACE 

1. Adsorption at solid^surfaces. 

We have already had occasion to note that on exposure of a 
fresh solid surface to a gas adsorption takes place and the surface 
becomes covered with a film of tlie gas. 

On th^ immersion of a solid surface in a liquid the solid will be 
already coated with a gas film prior to immersion (unless a sur- 
face is freshly formed by condensation or by cleavage in the 
liquid), which must be removed before actual wetting of the solid 
takes place. Solids which adsorb liquids preferentially to gases 
are wetted after a period of immersion short or prolonged, whilst 
those in which the gas-solid adhesional forces are greater than 
those of the liquid-solid are not so wetted. 

Thus glass which adsorbs the various constituents of the air 
more readily than it adsorbs mercury is not wetted by the metal, 
but if the adsorbed gas be removed from the surface, e.g. with 
the aid of a high vacuum such as obtains in a MacLeod gauge, 
the mercury may be caused to adhere to the glass. 

2. Surface energy of solid-liquid interfaces. 

As in the case of the solid-gas interface, it is a very difficult 
matter to determine the value of the surface energy of the solid- 
liquid interface, viz. a si • 

Attempts have been made to compute this value by the 
measurement of the solubility of small particles of the solid (see 
p. 42), notably by Ostwald (Zeit, physikal. Chem. xxxiv. 495, 
1900), Freundlich {Kapillarchemie, 1920, p. 143), Hulett (Zeit. 
physikal. Chem. lxi. 385, 1901), Hulett and Allen (J.A.C.S, 
XXIV. 667, 1902), W. J. Jones {Ann. der Phys. iv. 441, 1913) and 
Jones and Partington (J.C.S. ovri. 1079, 1915), Dundon 
(J.A.C.S. xnv. 2479, 2658, 1925) and others. 

On analogy with the surface tension effects in liquids (Ch. i) 
we may consider that there will be an excess pressure inside a 
small solid sphere immersed in a liquid equal to 

pr 
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where o-gi is the interfacial surface energy, p the density of the 
solid and r the sphere radius. 

The work done in transferring an amount of the material Sw 
from a sphere of radius to one of radius rg will accordingly be 

P (^1 V 

If the osmotic pressures of the solutions with which the two 
spheres are in eqaiilibrium be IIi and 11 2 respectively, the transfer 
of Sw of the solute from one solution to another will necessitate 
the expenditure of energy equal to 

8i« ET log = 8w ET log 

llo ^2 


for dilute solutions, i.e. for relatively insoluble salts. 
Since the two systems are in equilibrium 
2(7,, 1 I 1 


bwRT log 


P (^1 


hw 


or RT\oa ^ 


pr 


where Cj, is the solubility of large crystals (r = 00 ) of the salt. 
Hulett found for grains of calcium sulphate, where r = -00003 cm ., 
a solubility as determined by conductivity measurements Cj 18-2 
millimols per litre. The normal solubility obtaining for grains 
where r> 0-0002 cm. is 15-33 millimols per litre. From these 
data <Tsi — 1100 ergs per sq. cm.; in the case of barium sulphate 
agi was found to be 1300. 

The experiments of Dundon have indicated that Hulett’s 
value for calcium sulphate is much too high, doubtless owing to 
the effect of grinding on the water content of the decahydrate. 
Dundon obtained the following values for a series of salts. 


Substance 

water 

Pbla 

130 

CaS 042 H 20 

370 

AggCr 04 ... 

575 

PbFa 

900 

SrSO^ ... 

1400 

BaSO^ ... 

fl260 

13000 

CaFa 

2600 




SURFACE ENERGY OF SOLID -LIQUID INTERFACES 255 

There exists a rough proportionality between the surface 
tension and the hardness as well as an inverse proportionality to 
the molecular volume of the solid. 

The validity of the premises on which such calculations are- 
founded can not only be called to question by the considerations 
that have already been discussed concerning the solid-gas inter- 
face, but a further complication is introduced wlien the sub- 
stance whose solubility is being determined is an electrolyte. 
'!l'’he surfaces of the crystal adsorb not only the water in which 
tiiey are suspended but also the ions of the salt in solution (see 
p. 280). At equilibrium there is a dynamic interchange between 
the ions in solution and those on the surface. In the vax^orisation 
of an ionised salt, such as sodium chloride, the positive and nega- 
tive ions evaporate as doublets except at very high temperatures 
when the kinetic energy of the individual ions is sufficient to 
rupture the electrostatic bond between the doublets. In solution 
however it is probable that the removal of the surface ions by 
reaction with the water or by solution and the re -deposition of 
the ions by diffusion does not necessarily occur in doublets ; thus 
radium ions may replace barium ions at the sxirface of a crystal 
of barium sulphate immersed in a solution of a radium salt and 
such replacement may take place, not through the removal of 
a molecule of barium sulphate and substitution of the same, but 
by the removal of a barium ion from the space lattice and its 
replacement by a radium ion. In a similar maimer crystals of 
silver chloride will adsorb silver ions onto the space lattice of the 
crystal — presumably where the chlorine ions are exposed. Under 
these circumstances the crystal will acquire an electric charge 
continually varying in sign, fluctuating as a positive or negative 
ion is in excess on the surface. The effect of this fluctuation in 
charge may be calculated if it be assumed that the electric charge 
is spread imiformly over the surface. It will then produce an 
expanding pressure equal to 

€2 

STTKr^' 

where e is the electric charge, #c the s.i.e. of the medium and r 
the radius of the crystal (M®Lewis, Roll, Zeit. v. 91, 1909 ; Knapp, 
Trans, Farad, Soc, May, 1921). 
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The effect of curvature or surface energy on the osmotic 
pressure and on the solubility is thus removed when 

2--^ or . 

pr Sttkt* V lOTT/co-gj 

In many cases an electrical double layer is formed (see Ch. vii) 
which enhances the difficulty of calculation. 


3. The displacement of liquids at solid surfaces. 

The conditions under which a liquid will wet or displace a gas 
in contact with a solid surface can be determined most readily 
by consideration of the changes in surface energy due to an 
increase in the area of contact between liquid and solid. If the 
surface energies between liquid-gas, liquid-solid, and gas-solid 
be denoted by aig , (Ti^ and respectively, and a unit area of 
extension of the liquid over the 
surface of the solid is imagined to cr 
take place, we increase the surface 
energy liquid-solid by simul- 
taneously increase the surface 
energy liquid-gas by aig and decrease the surfce energy gas- 
solid by Ggg . The decrease in the free surface energy is accord- 



ingly 


O’flFj, “1“ 


If there is a decrease in the free surface energy, the liquid will 
continue to displace the gas from the surface of the solid, i.e. the 
solid will be wetted by the liquid if 


> {o-ls + Cfla) (i). 

Similarly a second liquid (2) will displace another liquid from the 
surface if r . ^ 


+ CTgi} 


It is clear from a consideration of equation (i) that liquids of 
low surface tension, i.e. small values of uig, are more likely to wet 
solids than liquids of high surface tension. Thus the organic 
hydrocarbons of low surface tension readily wet most solid sur- 
faces ; water will wet only a limited variety of surfaces, whilst the 
displacement of the adsorbed air film from solids by mercury is 
a comparatively rare occurrence. These considerations apply to 
the spreading in bulk or flattening of a lens of liquid placed on 
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a solid surface which is exposed to a gas. We must however con- 
sider the case as in the example of drops of oil of limited volume 
on a liquid surface (see p. 124), two-dimensional spreading of a 
unimolecular him across the solid surface may occur or, again, as 
in the case of carbon disulphide on water, molecules evaporating 
from the lens may condense on the solid surface and form a 
unimolecular him in this manner. According to Hardy (see 
p. 261), fatty acids on metallic surfaces spread only through the 
vapour phase imless the surface is already covered with a him of 
water when true surface spreading takes place with extreme 
rapidity. The spreading of solutions of acids to lenses of hnite 
area has already been referred to, and it is difficult to believe 
that spreading as a unimolecular him on a dry metal surface does 
not take place at all, although possibly extremely slowly, for 
critical evidence for two-dimensional mobility was presented in 
the preceding chapter. We hnd also (equation (ii)) that oil will 
displace water from the surface of metallic sulphides, but that 
the converse takes place at the surface of powdered quartz. 

Under the conditions just discussed the solid surface is rigid 
whilst the two liquids are brought into 
contact with the solid. The effect of pre- 
ferential wetting of a solid surface by 
liquids can also be investigated by the 
examination of the distribution of hne 
solid particles placed near the interface of 
two immiscible liquids. 

If (Tgz > o'si + 0 - 12 , the solid particles will 
be preferentially wetted by the hrst liquid 
and both the second liquid and the interface will be clear and 
free from solid (i). 

If o-ai > 0-32 + ori 2 , the second liquid will contain all the solid 
particles (ii), and finally if 

0-12 > cTsi + ^s 2 or if no one surface energy is greater than the 
sum of the two others, the particles will collect at the interface 
between the two liquids ; the solid in this latter case increases the 
miscibility of the two liquids, since both liquids are adsorbed by 
the solid and exist in the adsorption layer as a homogeneous 
mixture, (iii). (See p. 142, Ch. rv.) 



R $ c 


17 
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Experiments illustrating these various possible reactions have 
been carried out, notably by Reinders {Zeit. Roll, Chem. xm. 235, 
1913) and by Hofmann (Zeit. physiJcal. Chem. lxxxih. 385, 
1913). Finely divided calcium sulphate is preferentially wetted 
by water in the presence of liquids, such as chloroform and 
benzene which are frequently termed non-polar or slightly polar. 
Silver iodide suspensions in water will go into the dineric inter- 
face in contact with ether, chloroform and benzene, but are re- 
moved from the water by preferential wetting in the case of 
butyl and amyl alcohols, whilst the reverse holds true in the case 
of aqueous suspensions of arsenious sulphide. 

The state of aggi-egation of the solid occasionally affects the 
interfacial surface tensions sufficiently to alter the distribution 
between two immiscible liquids. In the case of gold, blue gold 
will pass to the dineric surface ether- water, whilst brown gold 
will remain in the aqueous phase. A protective colloid (see 
Ch. viii) which affects the interfacial surface tension will also 
affect the distribution, since the solid-liquid interface of the 
original solid has been replaced by that of the protective agent 
liquid interface. Most protective agents for aqueous suspensions 
are hydrated substances, and as a result the material thus pro- 
tected usually passes into the aqueous phase. 

4. The heat of adsorption. 

It has already been noted that in the case of the easily 
liquefiable vapours bulk adsorption in fissures occurs, the heat 
of adsorption of such a vapour at the point of saturation is 
evidently identical with the heat of wetting. Calorimetric deter- 
minations of the heat evolved on wetting dry solid powders with 
various liquids have been made, notably by Gaudechon (C.R. 
OliVn. 207, 1913), Pouillet (Ann. Chiw.. Phys. xx. 141, 1822), 
Junck (Pogg. Ann. cxxv. 292, 1865), Chappuis (Wied. Ann. 
XIX. 21, 1883), Fitzgerald (Nature, xl.ix. 293, 316, 1894), 
Lagergren (Kgl. Vetenshaps Akad. xxiv. b, 1898). There is a 
wide variation in the magnitude of the heats of adsorption of 
a liquid, both with the nature of the adsorbing material and 
adsorbed liquid, as can be noted both from the data on the 
adsorption of vapours (see p. 230) and the following data of 
Gaudechon. 
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Liquid 

Heat of adsorption in cals, per grm. 

Adsorbing material 

Alumina 

Quartz 

Sugar charcoal 

HjO 

12-6 

15-3 

3-9 

CH 3 OH ... 

11-0 

15-3 

11-5 

HCOOH... 

12-0 

14-5 

ca. 12-0 

CH 3 COOH 

9-3 

13-5 

6-0 

C 3 H 7 COOH 

7-8 

13-5 

6-0 

CCI 3 H ... 

9-0 

8-0 

2-3 

CcH« 

5-8 

8-1 

4-2 

C 82 

1-7 

8-6 

4-0 

CCI 4 

1-8 

8-1 

1-5 


1-2 

3-1 

0-4 


The heat of wetting of silica and other gels with a number of 
liquids has been determined by Patrick and liis co-workers. 
Patrick and Grimm {J.A.G.S, xliit. 2145, 1021) obtained the 
following values for a silica gel. 


Liquid 


Heat of wotting 
cals, per grin. 


Water ... ... 19-22 

Ethyl alcohol ... 22-63 

Benzene ... ... 1 1 - 1 .3 

Carbon tetrachloride 8-42 

Aniline ... ... 17-52 


They consider the heat liberated is due to the decrease in surface 
energy accompanying the immersion of the particles of the silica, 
which is regarded as possessing the surface energy of water. 

We obtain the total surface energy per sq. cm. from the 


equation 


Inserting the values cr 


T 


dcr 


dT' 

72*05 dynes per cm. 


da 

d.T 


- - 0*151 


d 3 nie per cm. per ° C., u is found to be at room temperature 
117*08 ergs per cm.^; this with a heat of wetting of 19*22 cals, 
per grm. gives a specific surface of 7 . 10® cm.^ per grm. The total 
surface energy of a benzene water interface is 51 *66 ergs per cm.^ ; 
thus on addition of benzene 117*08 — 51*66 or 65*42 ergs per 
cm.® are converted into heat, or 10*74 cals, per grm. of gel should 
be liberated, compared with an observed value of 11*13 cals, per 


17-2 
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grm. In a similar manner, calculated values of 7*10 and 16*6 cals, 
per grm. for wetting by carbon tetrachloride and by aniline 
respectively were obtained. 

A more accurate investigation of the heats of wetting of 
known areas of solids by various liquids over an extended tem- 
perature range is highly desirable, since it offers a promising 
method of testing the validity of the Nemst heat theorem in 
connection with the thermodynamics of the surface phase. As 
we have already had occasion to observe, the surface tension or 
free surface energy is related to the total surface energy, which 
can be determined calorimetrically, by means of the Gibbs- 

dfj 

Helmholtz equation a — u = T . According to the Nemst 

heat theorem Lt = 0 and Lt The thermal changes 

should on analogy with Debye’s investigations on the energy 
content of substances at low temperatures be expressible in the 
form u ^ Uq— aT^, where a is determinable from the heat 
capacity of the surface film, and the temperature coefficient of 
the heat of wetting should decrease rapidly as we approach the 
absolute zero. Furthermore, it is evident that at this temperature 
the free and total surface energies should be identical in value, 
the total surface energy sinking first slowly and then rapidly as 
the critical temperature is reached. Confirmation likewise of the 

assumption Lt = o or that the temperature coefficient of the 

free surface energy should fall as we approach the absolute zero 
is lacking, but the relationship does not appear to hold for the 
gases nitrogen, argon and hydrogen over the temperature range 
already investigated. In addition the relationship between the 
free and total surface energies which should obtain at low tem- 

aT^ 

peratures, viz. a = Uq+ , is markedly different to that 

obtained at high temperatures (see p. 33). 

Very few attempts have been made to estimate the heat of ad- 
sorption per sq. cm. owing to the difficulty in computing the area. 

Parks {Phil. Mag. vr. 4, 247, 1902) has estimated the heat of 
adsorption of water on silica at 7° C. as 0*001006 calorie per sq. 
cm. Gaudechon’s quartz would thus expose a surface of 1450 
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sq. metres per grm., whilst Koehler and Matthews {J.A.C,8. 
XL VI. 1166, 1924) obtained a value of somewhat less than 
1*69. lO”® cals, per sq. cm. for dry lead sulphate. 

5. Adsorption in lubrication. 

The effect of adsorption of a number of substances on the 
coefficient of friction between solid surfaces has been the subject 
of detailed enquiry by Sir W. B. Hardy (Proc. Roy. Soc. A, c. 560, 
1921; ci. 487, 1921; CIV. 25, 1923; cvin. 1, 1925; cxii. 63, 1926). 
Definite evidence is presented that at metallic surfaces polar 
groups are strongly adsorbed. On placing a load on a lubricated 
surface the load floats on the multimolecular layer which can 
be squeezed out by increasing the load until presumably a bi- 
molecular layer with the molecules orientated towards the metal 
and load interface is left. The friction gradually rises as the 
multimolecular layer is squeezed out until it acquires a constant 
value dependent on the chemical constitution of the lubricant, 
as is shown by the following data for bayonne oil. 


Time 


Time 


5 secs. 

1 min. 

5 mins. 

15 „ 

45 „ 

0-02 approx. 
Oil 

0-20 

0-282 

0-296 

120 mins. 
210 „ 

270 „ 

8 hrs. 

0-323 approx. 
0-335 

0-336 

0-338 


For the limiting layer of lubricant the coefficient of friction is 
foimd to be a linear function of the molecular weight of a homo- 
logous series and may be expressed in the form 
fx = Bq — d — c {N — 2), 

where 6o is the friction of the clean faces, i.e. a function of the 
chemical nature of the solid, d is the decrement in friction due 
to the polar groups and c the decrement in friction due to 
each carbon atom in the chain of length N. When the polar 
end is a carboxyl group the friction actually vanishes when 
N exceeds fifteen, the smallest traction that can be applied 
producing slip. 

The temperature coefficient of static friction has been in- 
vestigated by Hardy and Doubleday (Proc. Roy. Soc. A, oi, 489, 
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1921), a slider hiaving a spherical face being made to slide over 
the plate in an atmosphere of clean dry air. 

It was found that over the range 15-110® C. steel, bismuth 
and quartz when clean and dry showed no changes in the values 
for the static frictions, and when these surfaces were lubricated 
with lubricants which were fluid over this temperature range 
likewise no changes were observed. Some of the values obtained 
are shown in the following table. 


Lubricant 

Steel fjL 

Quartz ^ 

None ... 



0*770 

Undecane 

0*34 

0*49 

Caprylic acid ... 

0-20 

0*306 

Pelargonic acid 

014 

0*238 

Butyl alcohol 

0-39 

0*545 

Octyl 

0-29 

0*457 

Undecyl „ 

0-23 

0*39 


With lubricants which were solid at low temperatures and 
melted between 1 5® C. and 110® C., the friction was found to fall. 
At the melting point the friction suddenly falls to zero and when 
fully melted the constant value for the coefficient of friction of 
the liquid lubricant suddenly appears. 

On cooling from 110® C. this point of discontinuity at the 
melting point is again observed, a sudden fall in fjL occurs, but 
not to zero as with the ascending temperatures. The discontinuity 
at the melting point was found to be due to the fact that when 
the lubricant was solid the friction measured was that of the 
lubricant itself, for on eliminating this factor by depositing thin 
films of the lubricants from ethereal solutions on the solid faces 
constant values for the static frictions were obtained over the 
whole temperature range 15-110® C. The following are typical 
of the values obtained. 


Lubricant 

Steel fx 

Quartz g 

Oi»H4o 

CaH4« 

OmHso 

Cetyl alcohol 
Decoic acid... 
Undecoic acid 
Palmitic acid 

0*179 

0*110 

0*068 

0*114 

0075 

negligible 

negligible 

0*324 

0*26 

0*23 

0*276 

0*18 

0*114 

negligible 
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We may note that if the heat of wetting of these surfaces be 
ca. 5000 cals, per grm. mol, the alteration in molecular density 
calculated by the Boltzmann equation of the wetting film will 
be only from e®’® to c’ ; an extension of these observations to still 
higher temperatures would thus appear to be eminently desirable. 

Whilst friction is measured by the tangential reaction at 
the interface to external forces, the normal reaction may be 
termed adhesion ; this has likewise been examined by Hardy. 
As in the case of the tangential reaction, there exists a latent 
period which however was not observed with octane and cyclo- 
hexane but only with substances with polar groups. This ob- 
servation lends support to the hypothesis that a relatively long 
time is necessary for the orientation of the molecules both in the 
primary and also in the outer layers to attain equilibrium con- 
ditions. 

Measurements of the adhesion were accomplished by deter- 
mining the force required to detach a cylinder with different 
loads instantaneously from a plate flooded with the lubricant. 
A few of these are given in the table below for 1 8® C. 



Load 

grms. 

Adhesion A 

Adhesion A 

Liquid 

steel glass 
grms. 

steel steel 
grms. 

Octane 

r>-6 

1-2 

M 


iir>i 

3-0 

2-8 


259-6 

3-8 

3-3 

Ethyl alcohol 

5-6 

7-2 

5-2 

11.5-1 

22-1 

14-2 


2.59-6 

33-9 

23-2 

Heptylic acid 

5-6 

12-7 

— 


115-1 

50-9 

— 


255-6 

54-9 

— 


The value of the adhesion was found to depend not only on 
the chemical nature of the lubricant but also on the solids, those 
examined always giving the .order glass > steel > copper. The 
values for the adhesions of alcohols and hydrocarbons are given 
in the graphs on p. 264. 
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50 100 150 200 250 

Molecular weight 



Adsorption from Solutions. 

6. Non-electrolytes. 

If an aqueous solution of some colouring matter be agitated 
with powdered charcoal and a determination of the concentra- 
tion of the colouring matter in the solution be made both before 
and after the operation, the solution will be found to be much 
less concentrated. Such selective removal is frequently termed 
positive adsorption. 

As a rule the solutes which are positively adsorbed by solid 
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adsorbents are negatively, adsorbed at a gas-liquid interface. 
Such behaviour is in agreement with Antonow’s rule that 

vapour ~ vapour 

where a and b are two phases in equilibrium (in his limited 
definition two mutually saturated liquids) of which a has the 
higher surface tension against vapour. 

Now Antonow’s rule appears to be valid for two liquids pro- 
vided that “saturation” be carefully defined, and it is true for 
solid and liquid interfaces provided that the angle of contact be 
zero. Thus _ ... 

O^charcoal, water — CTcair ~ otHjO air U/? 

^charcoal, KCl solution ” air <^K01 aq. air (ii)* 

Now Gc air > oth^o air OT cjkci aq. air , Otherwise cliarcoal would 
not adsorb water, so we may replace above by — . 

From (i) and (ii) we obtain 

O'cHaO air — CTcKCl aq. air = O^KCl aq. air “ O^HjO air > 0, 

SO that whilst potassium chloride raises the surface tension of 
water-air it lowers the surface tension water-charcoal and is 
therefore positively adsorbed at the interface. 

It must however be pointed out that in the above deduction 
we have assumed 

^^cliarcoal, water equivalent to cr 0 }^a,r(toal saturated with water, wate^ 
as demanded by Antonow’s rule. There is probably a not incon- 
siderable difference between these values (cf . mercury saturated 
with organic vapours, p. 76). This difference may be used as a 
possible explanation of why some solutes in water are positively 
adsorbed both at an air and a charcoal interface. 

This property of selective removal is utilised largely in industry, 
and the following table from Bancroft indicates the values of 
some of the more important decolourising agents. 


Material 

Efficiency 

Material 

Efficiency 

Alumina 

100 

Fuller’s earth II 

17 

Fuller’s earth I . . . 

60 

Ferric oxide 

17 

Bauxite... 

60-30 

Ball clay 

14 

Ignited peat 

26 

Fuller’s earth III 

10 

Bone oharcoal ... 

24 

China clay 

3 

Bog iron ore 

20 

Kieselguhr 

3 
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The rate and completeness of removal is generally greater at 
high temperatures and is in general proportional to the fineness 
of the mesh; bauxite, for example, increases its efficiency from 
100 for a 40/80 mesh to 170 for a 60/80 mesh. 

The property of adsorption from solutions of a particular 
solute is in general, apart from the fact that both solvent and 
solute are adsorbed (see p. 268), complicated by the fact that the 
adsorbing surface presented to the liquid is not uniform but 
broken up into a series of fissures or capillaries as is the case with 
solids such as charcoal and pumice or “gels” such as those of 
silica and alumina, with the result that true equilibrium between 
solution and adsorbent may not result until after long periods 
of time, necessary for the intradiffusion of the solution into the 
absorbent, during which period secondary chemical action may 
take place. For comparative purposes adsorption as distinguished 
from absorption or sorption (J. W. McBain, Phil. Mag. xvm. 6, 
1909) is considered to take place rapidly in solutions as well as 
in gases (see p. 168). 

The early experimental data of Freundlich (Kapillarchemie) 
indicated that the adsorption of a solute from a solution followed 
the general laws governing the adsorption of vapours by solids, 
i.e, the Freundlich isotherm 

1 

X = or = Kc. 

The values of the exponent n are found to vary in the most 
diverse manner, as is exemplified by the following : 


Adsorbent 

Solute Solvent | 

n 

*Silica 

KCl 

1 

tSnOj 


1 

jCharcoal 


1 

§Cr *03 

IlCellulose 

Alizarine 

3 

Methylene blue 

2 

IlSilk 

Indigo carmine 

2 

Basic lanthanum acetate 

I 2 

2 

^Starch ... 


5 


* Schmidt, Zeit. phyaikal. Chem. xv. 66, 1894. 
t Van Bemmeln, Zeit. anorg. Chem. xxiii. 113, 1900. 

X Lachs and Michaelis, Zeit. anorg. Chem. xvn. 2, 1911. 
§ Georgievics, Zeii. Farhenindustrie, n. 253, 1903. 

11 Biltz, Ber. xxxvu. 719, 1904. 

Kiister, Liebig Ann. ocLXXxm. 364, 1871. 
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In general however the values of the exponent n are not whole 
numbers but fractional, as in the following cases: 


Adsorbent 

Solute 


Solvent 

n 

Silk 

Picric acid 

1 

HaO 

LC2H3OH 

2-88* 

2-75* 

Charcoal 

Acetic acid 

1 

r H2O 

1 

2-35t 

2-40t 


* Appleyard and Walker, J.C.8. lxtx. 1334, 1896. 
t Freundlich, KapiUarchemie. 


7. Adsorption of solvent and solute. 

The adsorption of a particular solute from a solution is how- 
ever dependent upon the nature of the solvent, a point not 
envisaged by the Freundlich isotherm. The influence of the 
solvent on the amount of adsorption of a particular solute has 
been investigated in the case of iodine and charcoal by Davis 
(J.G.S. xci. 1666, 1011), who found that the amount of iodine 
adsorbed by charcoal from solutions of equimolecular concen- 
trations decreased with the nature of the solvent in the following 
order : 

Blood charcoal ... CCI3H, C2H5OH, CH3COOC2H6, CeHgCHg, 

Sugar charcoal ... CCI3H, C^HfiCHg, CHsCOOCaHg, CgHc CgHgOH. 

Although in part this order may be affected by subsequent 
reaction of the iodine with the organic solvent under the in- 
fluence of catalytic material in the charcoal (Schmidt, Ziet, 
Kolloid. Chem. xiv. 242, 1914), yet similar alterations have been 
noted by Freundlich (ibid. p. 260) with other solutes, e.g. benzoic 
and picric acids, who found the following order for decreasing 
adsorption for benzoic acid: water, benzene, ethyl, ether, ace- 
tone; for picric acid: water, ethyl, alcohol, benzene. 

That the solvent plays an important part in the adsorption 
process is evident from the various cases of “negative’’ ad- 
sorption (Gore, Chem. News, lxix. 23, 1894; Lagergren, Bihung 
till k. Svenska Vet. Akad. Hand. n. 244; Trouton, B.A. Reports, 
328, 1911; Gustafson, Zeit. physikal. Chem. xci. 385, 1916) in 
which a solution shaken up with the adsorbing agent has 
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apItHirently increased in concentration instead of decre6tsing as 
would be anticipated. 

Williams {Trans, Farad. Soc. x. 1914) has shown that on the 
assumption that both solvent and solute are adsorbed by the 
adsorbing agent we may obtain “positive/’ “zero” or “nega- 
tive ” adsorption as the solute is adsorbed more strongly, equally 
or less strongly than the solvent and that as an alteration in 
concentration of the solution takes place the adsorption may 
pass through all these separate phases. 

If we denote by u and w the amount in grams of solute and 
solvent adsorbed per gram adsorbent when in equilibrium with 
a solution containing c grams of solute per gram of solute, we 
find that the excess of solute per gram adsorbent, generally 
called the amoimt adsorbed is given by 

c 

Uq^ u — w Y- 
" 1 — c 

If in dilute solution when c is small the true adsorption u 
is proportional to concentration or w = kc, we obtain 

u — wc ^ (k — w)Cf 
or ' 2*0 = 

where ¥ may be either positive or negative. Whilst in concen- 
trated solution where c is nearly unity we have a relationship of 
asimnartype u, = Ic' (X - c), 

or Wq = {¥ — v) (1 — c), 

or i/q =:z u — ^ — - = u — k . 

If Wq is positive near c = 1 as Wq is generally positive near 
o 0, it follows that near c = 1 Wq negative ; hence the 

o, Uq and c, Uq (1 — c) curves will be of the type shown on p. 269. 

Or, in general, positive adsorption rising to a maximum will 
be followed by zero and eventually negative adsorption, due to 
the fact that solvent and solute are both adsorbed. 

In a few cases examined Williams has actually obtained this 
transition as instanced by the following data for the adsorption 
of potassium chloride in aqueous solution by charcoal. 
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c 

Uo 

•00044 

+ 00032 

•00616 

+ 00230 

•02050 

4 - 00250 

•06630 

+ *00170 

•06800 

- 00170 

•12800 

- 00260 

•17000 

- *00770 


Similar results were obtained with magnesium sulphate, whilst 
with ammonium chloride a maximum was found ; this was not 
followed by negative adsorption over the concentration range 
examined. 



Osaka (Mem. Coll. Sci. Kyoto Univ. i. 257, 1915) has obtained 
positive adsorption in the case of sodium and potassium nitrates 
and for potassium bromide and iodide, and negative adsorption 
in the case of sodium and potassium sulphate as well as potassium 
iodide. 

Gustafson (Zeit. jphysilccil. Chem. xoi. 405, 1916) has attempted 
to extend the conception of Williams that solvent and solute are 
both adsorbed with the aid of the Freundlich isotherm in the 
following way. 

In general there will be u grams of solute and w grams of 
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solvent adsorbed per gram of adsorbing agent. If and be 
the respective amounts adsorbed in pure solvent and solute 
respectively, Gustafson finds in the case of aqueous acetic acid 
and charcoal that j 

u = /jc’* 

1 

and — w = 

and the dual adsorption can be represented by two curves. 




Williams (Meddel, frdn vet. Akad. Nobelinstitut, ii. 27, 1913) 
on the other hand has found that a more general relationship of 
the type 


u 

Uoc 


1 


gives a fair approximation to the experimental data. 

The direct determination of the amount of solvent adsorbed 
by an adsorbing agent is a matter of some difficulty. The most 
general method suggested by Arrhenius (see Williams, loc. cit . ; 
Osaka, Mem. Coll. Sci. Kyoto Univ., i. 257, 1915) is to leave the 
dry adsorbent in a desiccator exposed to the vapour of the pure 
solvent or solution containing a non-volatile solute. The method 
is open to two serious defects. As instanced by the experiments 
of Davis, the adsorption of a solute is affected by the simul- 
taneous adsorption of the solvent. Thus there is no justification 
for the assumption that the amount of, say, water adsorbed by 
charcoal exposed to water vapour above a certain concentrated 
solution of sodium chloride will be identical with the amount of 
water adsorbed by the charcoal if immersed in that solution. 
Again, if sufficient length of time be given for the exposed char- 
coal to attain equilibrium with the vapour, the water vapour will 
enter the pores and capillaries of the charcoal and condense, thus 



ADSORPTION OF SOLVENT AND SOLUTE 271 

yielding too high values for the adsorbed water. Bakr and King 
{J.C,S. cxix. 456, 1921) have attempted to obviate these diffi- 
culties in the case where both solvent and solute are volatile by 
maintaining the adsorbing agent at a higher temperature than 
the liquid with which it is desired to attain equilibrium. A fair 
agreement was obtained between tlie amounts adsorbed by 
charcoal by distilling benzene from the liquid to the charcoal on 
the one hand and by the reverse process vaporising the excess 
benzene from a moist charcoal to the liquid. A knowledge of the 
composition of the adsorbed two-dimensional phase which is in 
equilibrium with a three-dimensional phase, the liquid of known 
composition, would together with information on the molecular 
diameters of the constituents in the adsorbed pliase give us a 
direct method for evaluating the specific surface of the adsorbing 
material. 

An extensive series of measurements of the adsorption of 
vapours from binary mixtures by charcoal has been carried out 
by Tryhorn and Wyatt {Imrans. Farad. Soc. xxi. 399, 1925; xxii. 
134, 139, 1926; xxiv. 36, 1928). From a knowledge of the total 
weight of vapour adsorbed by charcoal and the composition 
and quantity of the mixed liquids below the charcoal the quan- 
tities of each substance adsorbed are readily determined. It was 
found that in general the progress of adsorption from the binary 
saturated vapour phase underwent three stages, a first stage in 
which the ratio of adsorption of the two components followed 
closely the composition of the vapour phase, a second stage in 
which the composition of the “adsorbed” phase gradually 
changes until its composition is such as to be in equilibrium with 
the liquid phase, and a final stage in which isothermal distillation 
of the bulk liquid into the intergranular spaces of the charcoal 
occurs. They have examined the systems alcohol-benzene, 
alcohol-acetone, acetone -benzene ; a few data typical of their 
results are summarised overleaf. 

Bartlett and Sloan {J.A.C.S. li. 1637, 1643, 1929) have 
examined the change in composition of binary liquids on the 
addition of active charcoal by interferometric methods, and 
conclude that the change in concentration as a result of ad- 
sorption can be expressed as a result of the difference between two 
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Acetone benzene 

Ethyl alcohol-benzene 

Equilibrium 



Equilibrium 


mixture 

Adsorbed phase 

mixture 


Mols % acetone 



Mols % alcohol 


Liquid 

Vapour 

Acetone 
grm. mols 

X 10 ® 

% 

alcohol 

Liquid 

Vapour 

Adsorbed 

phase 

o/ 

/o 

acetone 

6*7 

20 * 1 

460 

24-8 

7-9 

19-9 

29-1 

170 

360 

86-5 

44-3 

17-5 

26-8 

30-2 

30*6 

50*8 

1180 

69-0 

29-0 

29-9 

33-0 

45-4 

64-4 

143-5 

68-5 

41-1 

31-3 

33-65 

61-2 

75*0 

168-0 

79-2 

56-2 

34*5 

36-3 

76*2 

84-6 

189-0 

86-0 

72-6 

42-0 

41-3 

93-8 

94-8 

217-0 

96-5 

85-2 

53-2 

50-9 

1000 

1 

1000 

226-0 

100-0 

97-9 

87-0 

83-9 


Freundlich isotherms, one applicable to each constituent ; thus 
for ethyl alcohol and benzene the decrease in concentration of 
benzene due to adsorption both from dilute arid concentrated 
solutions of benzene in ethyl alcohol may be represented by the 
expression k = (1 — c) — 6*26 (1— where c is 

the molar fraction of benzene. The agreement is shown in the 
following table. 


c 

k 

Observed 

0-00513 

0-565 

0-521 

0-01060 

0-790 

0-787 

0-1033 

2-014 

2-022 

0-1725 

2-220 

2-213 

0-3907 

1-847 

1-672 

0-7630 

0-163 

0-164 

0-8706 

- 0-232 

- 0-203 

0-9194 

- 0-341 

- 0-412 

0-9641 

- 0-323 

^ 0-337 

0-9870 

- 0-266 

- 0-265 


It will be noted that the data yield an S-shaped curve as 
obtained by Williams. 

The adsorption of a homologous series of aliphatic straight- 
chain fatty acids from various solvents by charcoal and from a 
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few solvents by stearic acid has been examined by Vekrassow 
(Zeit. physikal. Chem. cxxxvi. 25, 1928); the results of the 
investigation for charcoal are summarised in the following 
diagram. 



The partition of these substances containing a polar head and 
a non-polar chain between solvent and surface will depend on 
the magnitudes of the relative adhesions of both chain and head 
for the two phases. It will be observed that both the polar head 
and the chain possess a marked adhesion for charcoal, for in anon- 
polar solvent the short chain acids are more strongly adsorbed, 
whilst in polar solvents the long chain acids adhere more strongly. 

8. The adsorption of electrolytes by charcoal. 

With ordinary charcoal as adsorbing agent Michaelis and his 
co-workers (Lachs, Koll. Zeit. ix. 275, 1911 ; Rona, Zeit. 
xciv. 240, 1919; xcvii. 86, 103, 1920; Hartleben, Biochem. Zeit. 
cxv. 46, 1921) found that on adsorption of a series of salts 
possessing common anions or cations the adsorption is an 
additive property of the cation and anion. Thus the order of 
adsorption of a series of sodium salts of various acids is identical 
with the order for the potassium or ammonium salts. The fol- 
lowing series in decreasing adsorptive power was found. 


KS C 


i8 
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%pt 

HCl 

adsorbed in 

NaOH 
adsorbed in 

Acid 

Nor- 

mality 

Adsorbed 
on 0*2 % 

Pt charcoal in 

air 

H, 

air 

H, 

air 


00 

0*227 

0*190 

0*00 

000 

HCl 

0*01 

0*307 

0*00 

0 004 

0*298 

0*116 

000 

0*00 

H2SO4 

0*01 

0*316 

0*00 

016 

0*358 

0*000 

0*00 

0*521 

H3PO4 

0*01 

0*366 

0*00 

0-8 

0-376 

0*000 

0*00 

0*557 





40 

0*393 

0*000 

0*00 

0*576 





100 

0*406 

0*000 

0*00 

0*582 






function as a perfectly reversible electrode of the type 
+ 

H H ^ 

c/ +OH' C<^ +H 

In oxygen OH In hydrogen OH' 
coming rapidly into equilibrium in the solution. In the ab- 
sence of the platinum, adsorbed oxygen (Ch. v) is not readily 
removed from the surface; thus this case presents a typical 
example of promoter action. 

We may note that at the isoelectric point of the charcoal the 
adsorption of any non-electrolyte will be at a maximum ; thus 
Wright and Rideal (Trans. Farad, Soc. xxiv. 530, 1928) obtained 
the maximum rates of decomposition of solutions of hydrogen - 
peroxide at various surfaces, including charcoal, at their respective 
isoelectric points obtained by adjusting the of the solutions. 

Platinum black behaves in a manner analogous to carbon in 
that its adsorbing power for electrolytes is governed by its 
behaviour as a gas electrode ; both Frumkin and Donde (Ber, lx. 
1816, 1927) and Kolthoff and Kameda {J,A.C.S, u. 2888, 1929) 
have shown that in an atmosphere of hydrogen alkali is hydro- 
lytically adsorbed from a salt solution; hydrochloric acid is 
adsorbed in the presence of oxygen but not in a hydrogen 
atmosphere. Caustic soda is strongly adsorbed in a hydrogen 
atmosphere, the adsorption maximum occurring at •0007iV‘. In 
oxygen caustic soda is also adsorbed, but this exception is found 
to be due to the neutralisation of the hexaquoplatinic acid 
Pt (OH)^, present in the platinum black. 
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In the case of weak acids, such as the organic acids, the extent 
of adsorption when no special precautions are taken to ensure 
the absence of dissolved gases is greatly dependent on the acidity 
of the solution ; thus Phelps and Peters {Proc. Roy. Soc. A, cxxiv. 
584, 1929) and Phelps (J.C.S. ccxxvii. 1724, 1929) have found 
that in the presence of buffers the adsorption of these acids is 
roughly proportional to the amount of non -ionised acid present as 
calculated from the dissociation constants. We may note that 
in these feebly acid solutions hydroxyl ions will be sent into 
solution to an extent dependent on the acidity of the solution; 
the charcoal thus acquires a positive charge and organic anions 
win be adsorbed ; this adsorption will, to a first approximation, be 
proportional to the hydrogen ion concentration and to the anion 
concentration of the solution, which by the ordinary mass law 
is proportional to the concentration of undissociated molecules. 
Thus these experiments might well be repeated in gas free solu- 
tions so as to distinguish between the two possible modes of 
adsorption. 

Examination of the adsorption from aqueous sblutions by 
silica has led to anomalous results. Bartell and Fu (J.P,C. 
xxxm. 676, 1929) obtained regular Freundlich adsorption iso- 
therms for the bases LiOH > NaOH > KOH > NHgOH, buf. 
failed to observe adsorption of strong inorganic acids; the or- 
ganic acids are however adsorbed, the adsorption decreasing as 
we proceed up the homologous series. Silica was likewise found 
to adsorb bases from salts hydrolytically. 

9. Adsorption of electrolytes by heteropolar surfaces. 

The formation of mixed crystals, one of the criteria for isomor- 
phism, reveals the fact that similarity of crystal lattice between 
two salts in the solid state coincides with a marked mutual 
adsorption of the respective ion pairs from solutions, e.g. the 
marked adsorption of sodium nitrate by homo-omorphous 
calcite and potassium nitrate by aragonite (Marc, Zeit. physikal. 
Chem. Lxxv. 710, 1911 ; lxxxi. 641, 1913). In the more general 
cases of a crystal immersed in an electrolyte we note that if the 
electrolyte contains an ion common to that forming the crystal 
and thus fitting into the lattice, that ion will be most strongly 
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adsorbed, giving rise to electrokinetic potentials to be dis- 
cussed later. The selective adsorption of silver ions from silver 
nitrate and of iodide ions from potassium iodide by silver iodide, 
resulting in positively and negatively charged suspensions, may 
be cited as an example of the strong adsorption of a common ion. 
The extent to which the other ion of the electrol 3 rte is likewise 
adsorbed as well as the extent of adsorption of non-isomorphous 
salts possessing no ion common with the adsorbing crystalline 
surfaces have been examined especially by Paneth (Phys, Zeit, 
XV. 924, 1914; Zeit. physikal. Chem. Lxxxix. 513, 1915), Fajans 
(ibid. xcvn. 480, 1921), Weiser and Sherrick (J.P.C. xxm. 205, 
1919), Dhar and Ghosh (Koll. Zeit.iLXi^v. 144, 1924), Mokrouchine 
(J. P. Ch. Ru88. lviii. 737, 1926), Pinkus and Brouck^re (J. 
Chem. Phys. xxv. 606, 1928; xxvi. 251, 1929). Paneth pointed 
out that not only were common ions readily adsorbed but like- 
wise those ions which formed relatively insoluble salts with the 
oppositely charged ion in the crystal lattice; thus whilst the 
barium ion is strongly adsorbed by barium sulphate, so also are 
lead ions. Lead ions will likewise be adsorbed by silver halides 
owing to the sparing solubilities of the lead halides. 

Fajans investigated the adsorption of lead and its isotopic 
thorium B by the silver halides. In the presence of excess silver 
ions in solution produced by the addition of excess of silver 
nitrate there is practically no adsorption of thorium B, but in 
presence of excess halide marked adsorption occurred. Some of 
the data are shown below. 


AgBr 

Excess Br' 
millimol/litre 

Increase 
”4 adsorption 
ThB 

0-4 

7-2 

6 

1-2 

3-6 

20 

1-6 

4-8 

13 

2-0 

40 

17 

3-8 

0-4 

6 

200 

400 

85 


The adsorption of an insoluble salt-forming cation is thus 
greatly enhanced by the covering up of the cations in the surface 
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of the crystal lattice by addition of the common anion to the 
solution. 

Pinkus and Brouck^re, treating the ionic adsorption as a 
dynamic process in a manner similar to that developed by 
Langmuir (p. 194), develop the expression for the amount 
adsorbed in terms of the activity of the electrolyte in the solution 



A + Bfc' 

In this expression the alteration in adsorption due to the electric 
charges of the ions already adsorbed is neglected ; they assume 
that this will be a function of the amount adsorbed of the form 

fx = ax^ 

and that the charges on the crystal surface will modify the rate 
of resolution included in the term A in the above expression, 
giving 

* ” • 

The adsorption isotherms of several monovalent and divalent 
chlorides by barium sulphate from aqueous solution were deter- 
mined and found to agree well with the above expression. The 
data are summarised in the following table. 


Salt 

1 ^ 10- 


c 

X 

H(;i 

1 771 

0-0825 

0-2239 

Li(;j 

l-3f)2 

0-0642 

2-975 

NaCl 

0-771 

0-0258 

4-891 

KCl 

1-563 

0-0700 

6-650 


We may note that the adsorption of a non-electrolyte by a 
heteropolar surface will be at a maximum at the isoelectric 
point ; thus Frumkin and Obrutschewa (Bioche?n. Zeit. clxxxii. 
220, 1927) observed this maximum for the adsorption of various 
capillary active substances from aqueous solutions by silver 
iodide, the adsorption becoming much less as potassium iodide 
or silver nitrate containing the respective readily adsorbable 
common ions is added to the suspension. * 

In addition the lateral conductivity of the film of liquid in 
contact with the solid should exceed that of the bulk solution 
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due to the enrichment of the ions in the double* layer. Stock 
{Anzeig, Akad, Wiss, KrahoWy A, 636, 1912; 131, 1913; 96, 1914), 
Laing and McBain {J,C,S, cxvn. 1606, 1920), Fairbrother {ibid. 
cxxv. 2319, 1924; cxxv. 2496, 1924), Stumm {Coll, Symp. 
Monograph, rv. 263, 1920), Briggs {J,P,C. xxxii. 263, 1926), 
McBain {J,A.C.S. li. 3294, 1929) and McBain and Peaker {Proc. 
Roy. Soc. A, cxxv. 394, 1929) have all obtained definite evidence 
of the increased conductivity of the liquid in close proximity to 
the interface. From conductivity measurements on optically 
smooth surfaces the latter concluded that the extra conductivity 
near the surface, ascribed to an excess of mobile adsorbed ions 
possessing the same mobility as in the bulk phase, would be 
equivalent to a packing of one-eighth of a unimolecular layer. 

10. Surface reactions at the solid-liquid interface. The 
equilibrium of crystals in solution. 

The fact that not only may the different surfaces of a crystal 
have different surface energies due to an alteration in the close- 
ness of the packing of the molecules on the planes, but also that 
the molecules at the corners and edges of a crystal cannot adhere 
so strongly as those in the interior of the plane surfaces, gives us, 
as Gibbs {Scientific Papers, p. 326) has pointed out, a great deal 
of information on the mechanism of solution and growth of small 
crystals. 

When a crystal is in equilibrium with its saturated solution 
there must be a kinetic fluctuation between the molecules of 
the crystal and those of the circumambient solution. The con- 
ditions of equilibrium at such an interface have been considered 
from a statistical point of view by J. A. Butler {Trans, Farad. 
Soc. XIX. 669, 1924) on the following lines. A molecule passing 
outwards from the smface of the crystal experiences first an 
attraction towards the surface and after a certain point an 
attraction into the liquid; there thus exists a balance point at 
which the two opposing attractions are equal. If a surface of a 
crystal containing N molecules per sq. cm. be placed in contact 
with m solution containing molecules per c.c., and we consider 
a slice of solution at the surface of the solid in thickness equal 
to the mean free path of solute molecules in the solution and 
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containing molecules, then the number of molecules moving 
towards the surface with a kinetic energy E per gram molecule 
at any instant is according to Maxwell 


, N' 


K 

'RTf^ 


/ K 

V RT 


The number of molecules escaping per second is equal to this 
quantity multiplied by the mean collision frequency, that is the 
mean velocity v divided by the mean free path s. But J, 

hence the number of solute molecules reacliing the surface per 
second is 


8 


Ns 

V^TT-I E — A 


e 


E 



1 

RT 


A 

OT 6— NgAy/Te , where A — 



R 

2itM * 


If in reaching the balance point from the interior of the solute 
a molecule does work , then the number of molecules reaching 
the balance point from the solution per second is 

0' = Ns A VTe . 


The molecules at the surface of a crystal move only in a vibra- 
tional manner about an equilibrium position perpendicular to 
the crystal surface ; the number escaping per second will evidently 
be proportional to (a) the number on the surface layer, (6) the 
number having at any instant a kinetic energy greater than A per 
gram molecule, and (c) the number of times on an average the 
outward movement is repeated per second (assuming that the 
normal distribution of energy among the surface molecules is 
attained afresh for each new outward movement). That is, we 
replace the mean collision frequency by the vibration frequency 
V and obtain 


V 77 


. E-A 


E 

e Bl'd 


/ E. 
V RT 


On integration 


RT 

4A* 
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where if A is very considerably greater than 


RT 

2 


> = Nv 



"RT 


this reduces to 


If in reaching the balance point a molecule from the surface 
layer does work W 2 per gram molecule, then the number of 
molecules reaching the balance- point from the surface per 
second is 


0" = NA'Vl^'e where 



In a saturated solution equilibrium between solution and de- 
position exists, or g, ^ n" 


or 


_ W 2 _ 

NA WTe ™ - N, A VT e 


N 

Writing C = x 1000, where ^ the Avogadro number, 

Aft 


* 0 
logeC^ 
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log. 
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RT 


N, /iFr 
1000 V 2Mv^’ 


Wi — W 2 is evidently the heat of solution at saturation. 

Since the edge molecules are held less tenaciously than those 
in the middle of the planes, we must suppose that at equilibrium 
several of the outermost layers of the molecules on the sides of 
crystal surfaces are incomplete toward the edges. This fluctua- 
tion is less as we proceed away from the edge towards the centre 
of the plane surface. To produce continued growth of a crystal 
it is necessary to build up the molecular planes at the surface. 
There is however a great difficulty in commencing a fresh plane, 
since until a molecular layer is formed the single molecules 
adhere to the underlying plane less tenaciously than those 
forming part of the underlying plane (in true equilibrium with 
the liquid). It necessarily follows that a certain small but finite 
degree of supersaturation is necessary to permit a crystal to 
grow. 

The difference between the minimum growing concentration 
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and the saturation equilibrium value represents the difference 
in the adherence of a molecule in a plane and one adhering to 
the plane surface. 

For solution on the other hand no such difficulties occur. It 
has already been noted that the edges of the planes are already 
stripped under conditions of equilibrium ; a small decrease in the 
concentration of the solution simply extends the edges farther 
towards the centre of the plane until it is stripped entirely. The 
mechanism of crystal growth thus presupposes a finite degree of 
super-saturation; this no doubt varies with the surface energies 
of the crystal faces and will probably be greatest for the surfaces 
for which o-,/ least, whilst on solution of a crystal the degree 
of under-saturation necessary to produce a continued stripping 
of the surface will also be least for surfaces of low o value. We 
thus arrive at the conclusion of Gibbs: “The effect of dissolving 
a crystal is therefore to produce a form which probably differs 
from that of theoretical equilibrium in a direction opposite to 
that of a growing crystal.” 

In actual processes of crystal formation and solution, forces 
other than surface forces may play an important part ; thus in 
the solution of crystals it is necessary to dissipate the heat 
evolved on solution (see Nacken, Neues Jahrhvch Min. Geol. Pal. 
It. 133, 1915). Such dissipation may take place most readily at 
edges and corners. Again, a crystal undergoing solution in a 
nearly saturated solution will be surrounded by a saturated layer 
of solution. This layer being denser than the surrounding 
medium will sink to the bottom of the vessel and thus accelerate 
the normal process of solution. In this way also exposed edges 
may dissolve more rapidly than the plane surfaces. 

11. Rate of solution at plane surfaces. 

The rate of solution of solids in liquids is found to be a reaction 
of zero order provided that the concentration of the solution 
remains unchanged and the surface exposed to solution constant, 
as is indicated by the early experiments of Wenzel (Lehre der 
Verwandtachaft, xxviii. 1777) and of Veley (J.C.S. LV. 361, 1889; 
Phil. Mag. CLXXXii. 279, 1891) on the rate of solution of metals 
in acids. 
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In the case of solution of a solid in a limited volume of solution 
the rate of solution will follow a unimolecular law ; thus in the 
case of metals dissolving in acids, or salts in water, for a constant 
area of interface the rate will be expressed by the equation 

*(«-*), 

where a is the original concentration of the acid, a conclusion 
confirmed by Spring’s experiments on the rate of solution of 
calcspar in hydrochloric acid. The rate of solution of solids has 
been examined in detail by Noyes and Whitney {Zeit. physical. 
Chem. xxm. 689, 1897), Nemst {ibid. XLvn. 52, 1904), Brunner 
{ibid. XLvn. 66, 1904), Nernst and Merriam {ibid. lui. 235, 1905) 
and others. 

. It was found that the solution of a solid consists essentially of 
two processes, the actual process of interaction of solid and 
solvent and the diffusion of the solvated solute away from the 
surface. 

The crystal surface may be regarded as covered with a layer 
of saturated solution of a definite thickness through which the 
products have to diffuse. If the actual solvation of the solid 
proceeds rapidly in comparison to the process of diffusion the 
rate of solution will be essentially that of diffusion, and can 
accordingly be expressed by the Fick diffusion equation, the rate 
of solution per unit area of interface being given by 

C 

S 

where D is the diffusion constant, Cg the satmated, C the actual 
concentration of the solution and S the thickness of the diffusion 
layer. Experimental evidence in support of this point of view as 
to the mechanism of the process has been advanced by examina- 
tion of the rates of solution of such substances as benzoic acid, 
lead chloride and silver acetate in water ; also by the solution of , 
magnesia in acetic, benzoic and hydrochloric acids. As examples 
may be cited the values given on p. 285 for the solution rate of 
small rods of magnesia rotating at a constant speed in the 
solvent. 

The velocities of solution are evidently approximately pro- 
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portional to the diffusivity and not to the acid strengths. The 
temperature coefficient of these processes is likewise small, being 
1*26 for a rise of 10° C. of the same order as that for difEusion. 


Solvent 

Velocity 

Diffusion 

constant k 

coefficient 

Benzoic acid... 

1-55 

0*75 

Acetic acid ... 

205 

0-95 

HCl and MgCl^ 

8-10 

6-70 


The values of S the film thickness are found to vary with the 
nature of the reaction, but lie within the limits 0-02 to 0-065 mm. 
The film thickness is dependent on the speed of rotation n for 
the case of the solution of benzoic acid and of magnesium ben- 
zoate in water. 

We may likewise obtain an estimate of the thickness of the 
adsorbed film by determining the maximum current density at 
which ions may be deposited at an electrode which is kept in 
rapid rotation. The ions being deposited must be regarded as 
migrating across a film of thickness 8 from a concentration equal 
to that in the bulk of the electrolyte to a region of zero concen- 
tration under the applied electromotive force. Thus Ackerberg 
(Zeit. anorg. Chem, xxxi. 161, 1902) obtained 8 — -095 mm. from 
measurements on the rate of the electrolytic oxidation of oxalic 
acid. Fischer {Elelctrochemie, p. 60) obtained the following values 
from data on the limiting current densities in the precipitation 
of copper at a rotating cathode: 


n R.P.M, 

8 in mm. 

250 

•0635 

800 

•0565 

1100 

•0510 


Dushman {J,P.C. xiv. 885, 1910) found 8 = -040 mm. under 
similar conditions, whilst Brunner (loc. cit.) found that 8n^ was 
approximately constant. 

The catalytic decomposition of hydrogen peroxide at the 
surface of platinum foil investigated by Bredig and Tetelow 
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{Zeit. Elektrochem. xn. 581, 1906) was found to obey a uni- 
molecular law and the seat of the reaction was shown to be the 
thin saturated layer at the surface of the metal. 

In some cases, e.g. the oxidation of hydrocarbons by potassium 
permanganate (Meyer and Saam, Ber. xxx. 1935, 1897), the 
hydrolysis of emulsions of esters in water (Goldschmidt, Zeit. 
physikal. Ghem. xxxi. 235, 1899), and the dissolution of arsenious 
oxide (Drucker, ibid, xxxvi. 693, 1901), the actual chemical 
reaction between solvent and solute appears to be slower than 
the process of diffusion, and thus the rate of chemical action is 
independent of the diffusion coefficient. 

The observations of Goldschmidt on the hydrolysis of esters 
are in contradiction to the data obtained by Norris and McBain 
(J.C.S. cxxi. 1362, 1922), who obtained the normal temperature 
coefficient of 1*5 and the Sn^ relationship for the saponification 
of oils and fats by aqueous alkali. 

12. Crystallisation from solution. 

In the rate of crystallisation of a substance from a super- 
saturated solution two independent factors have to be considered, 
firstly the rate of nucleus formation from which crystallisation 
may proceed and secondly the rate of growth of a nucleus once 
it is formed. 

Nucleus formation. 

As has already been noted (p. 253), the solubility of small 
crystals is greater than that of large ones ; hence before a nucleus 
can act as a centre from which spontaneous crystallisation may 
proceed, it must possess a certain limiting size dependent on the 
surface energy of the solid and the degree of supersaturation of 
the solution. The spontaneous formation of such a nucleus can 
only take place in solution as the result of intermolecular 
collision. Adopting Langmuir’s hypothesis of inelastic collision, 
each contact between two molecules of solute in a solution 
results in an adhesion for a definite although short period of 
time, the periods being in aU probability somewhat longer than 
in the case of gases. In general the problem of adherence on 
collision in solution is complicated by the fact that both ions of 
electrolytes and molecules of non-electrolytes are solvated, and 
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thus do not actually come in contact with one another. For 
orientated collision to take place so as to build up the elementary 
crystal lattice it is necessary to postulate either contact between 
unsolvated molecules or ions, or a movement of the solute par- 
ticles towards one another within their solvated atmospheres 
which then merge into a common sheath. In the rapid con- 
densation of metallic vapours it has likewise been noted (see 
p. 173) that adherence may result in the formation of an amor- 
phous material which sinters to the crystalline state at a rate 
dependent on the mobility of the atoms within the mass. A 
somewhat similar phenomenon has been observed and investigated 
by von Weimani (see p. 299) in the preparation of colloids from 
highly supersaturated solutions. The rate of formation of nuclei 
will however in general increase with increasing concentration 
of the solution. At any definite temperature the molecules are 
in thermal agitation by which intermolecular contacts are 
produced ; at the same time the same agitation is the operative 
process by which rupture is caused between adhering molecules. 
Thus there will be a maximum rate of nucleus formation at a 
definite temperature ; below which temperature the rate of inter- 
molecular collision is decreased by the decrease in the thermal 
agitation of the molecules and the increase in the viscosity of the 
medium, eventual solidification to glasses taking place. Above 
this temperature, in spite of the increase in the rate of collision, 
the rate of disintegration of the micro-nucleus is increased. 

The existence of such a maximum has been shown by Tamrnann 
{Kristallisieren und Schmelzen, p. 1 5 1 ) and a mathematical analysis 
has been made by Furkas (Zeit. physikal, Ghern. cxxv. 236, 1927). 

13. Rate of crystallisation. 

If a crystal surface be exposed to a supersaturated solution, 
the surface will commence to grow. As has already been noted, 
the surface energy of a crystal is dependent not only on the 
nature of the substance but also on the packing in the space 
lattice ; the rate of growth will thus vary with the crystal face, 
e.g. the faces of a crystal of the cubic class will possess different 
growth rates depending on whether the 100 or 111 face is 
exposed to the solution. 
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It was noted in the case of solution that frequently the rate 
of solution was apparently governed by the rate of diffusion of 
the solute through a saturated film of definite thickness. As a 
first approximation the growth of a crystal may be regarded as 
an analogous process, viz. the diffusion of the salt from a super- 
saturated solution through a saturated film to the crystal surface. 
Under these conditions the growth rate per sq. cm. would be 
given by the expression 


dx 

di 



Csh 


where Cq is the concentration of the supersaturated solution, 
Cg that of the saturated film. 

The velocity of linear crystallisation has been determined in 
the case of fused solids by Tammann and his co-workers (loc, cit.), 
in supersaturated solutions by Marc (Zeit. physikaL Chem, LXi. 
386, 1908; Lxvn. 470, 1909; Lxvm. 104, 1909; lxxiii. 685, 1910; 
liXXV. 710, 1911; Lxxix. 71, 1912), Le Blanc (ibid, nxxvii. 614, 
1911), and others. 

The crystal growth rate has been found in many cases to be 
extremely rapid, more rapid than can be accounted for on the 
diffusion hypothesis; thus Tammann {loc. cit.) found for benzo- 
phenone a maximum crystallisation velocity of 2*4 mm. per 
minute (Walton and Judd, J.P.C. xvm. 722, 1914). Much 
higher values, e.g. 6840 mm. per minute for water and 60,000 mm. 
per minute for phosphorus (Gemez, C.R. xcv. 1278, 1882), have 
been recorded. In some cases the rate was found independent 
of the speed of rotation of the stirrer and occasionally the 
reaction velocity followed a bimolecular law instead of the simple 
unimolecular expression which holds true for solution. 


14. Influence of addition agents on rates of solution and 
crystallisation. 

The rate of solution of crystals of potassium sulphate was 
found to be uninfluenced by the addition of many substances 
such as quinoline yellow to the solution by Marc and Wenk 
{Zeit. physikal. Chem. Lxvni. 112, 1910). SmaU alterations in 
the solution rates are however to be expected on the diffusion 
hypothesis if the extraneous material or “ addition agent ’’ affects 
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the diffusion constant of the salt in the solution. Friend and 
Vallance (J.C.S. cxxi. 46G, 1922) have shown a slight retarda- 
tion in the rates of solution of potassium sulphate in solutions 
containing small amounts of agar and gelatine. The rate of 
solution of metals such as iron in acids is much retarded by the 
addition of many substances such as gelatine and agar (Friend 
and Dennet, Friend and Vallance) as is exfunplified by the 
following figures for the retardation caused by the addition of 
small (piantities of gum acacia added to noi'iiial hydrochloric 
acid in the solution of iron : 


( 711111 acacia 
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The dilutions are too great to alter sensibly the diffusion con- 
stant of the medium, Friend suggests that the extraneous 
material or addition agent is selectively adsorbed and thus 
]>rotects the iron from attack. An alternative explanation is the 
formation f)f an insoluble compound on the metal surface such 
as obtains in many cases of passivity. 

In the converse case of crystallisation from a fused material 
or from a supersaturated solution the influence of addit ion agents 
is most marked. No regularity has been observed in tjie in- 
fluonce of soluble* impurities on the formation of nuclei (Tam- 
manii, loc. cit.)\ the effect of the addition of powdered solids 
which occasionally act as nuclei has likewise not proved amenable 
to systematic classification although the criteria of isomorphism, 
e.g. identity or close approximation to identity in crystalline 
form, or the formation of mixed crystals hold tru(i> in cases where 
the supercooling is not great. 

The effect of extraneous material on the linear velocity of 
propagation of crystal growth is marked and definite. 
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V. Pickardt (Zeit. physikal, Chem. xl.it. 17, 1902) in his in- 
vestigations on the lowering of the crystallisation velocity of 
fused benzophenone in the presence of various substances came 
to the conclusion that equimolecular proportions of the addition 
agents produced an identical lowering. According to Froundlich 
{Kapillarchemie, p. 448) this relationship only holds true for 
substances which possess identical constants in the Freundlich 
isotherm, the lowering of the velocity being due to adsorption of 
the addition agent on the crystal sui*face and is not occasioned 
by an alteration in the possible variables D or S. 

Similar observations on the retardation of crystallisation from 
solutions of salts such as potassium sulphate have been made by 
Marc {Zeit. physikal. Chem. l.xviit. 112, 1910; Lxxiir. 708, 1910), 
who showed that the retardation was most marked in the 
presence of dyes, such as quinoline yellow, which were strongly 
adsorbed by the crystals. In the electro-deposition of metals in 
the presence of addition agents these materials can be detected 
in the electrolytically deposited metal. 

The effect of such addition agents, which are strongly ad- 
sorbed, is in general not limited to an alteration in the velocity 
of crystalline growth, but frequently affecjts the crystal habit. 
The adsorbed material lowers the interfacial surface energy of 
the crystal and thus may ]^ermit the growth of those facets which 
normally possess too much interfacial energy to come into 
existence, e.g. octahedral crystals from sodium chloride in the 
presence of urea (8pangenberg, Zeit. Kryst. lxi. 189, 1925), den- 
drites from silver chloride in the presence of methylene blue, fine 
grained metal from the electrolysis of lead solutions in the pre- 
sence of small quantities of gelatine and dendrites in the presence 
of relatively high concentrations (see Marc, loc. cit., Reinders, 
Zeit. physikal. Chem. lxxvii. 680, 1911). 

Cube facets may be developed on crystals of barium nitrate 
by addition of methylene blue (Walcott, Am. Min. xt. 272, 1920) 
or as shown by Saylor (Coll. Sym. v. 51, 1927) by the addition of 
other adsorbablc cations, e.g. by addition of nitric acid. Saylor 
(loc. cit.) cites the interesting case of calcite and its two allotropic 
forms aragonite and vaterite. By the addition of increasing 
quantities of the strongly adsorbed bicarbonate ion, the more 
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stable form of growth calcite may be suppressed and with a large 
excess only vaterite crystallises out. Alcohol which cuts down 
the adsorption of the bicarbonate ion permits of the growth of 
calcite even in the presence of excess HCX).,. Milligan {J.P.C. 
XXXIV. 1362, 1929) has likewise observed some interesting cases 
of selective adsorption of chlorazol sky blue i\f. on the 10i> 
planes of pot ash alum and of azo dyes the b 010 prism fac.es 
of potassium sodium tartrate, phloxine an cosine dye being 
adsorbed chiefly by the pinakoid c 001 plaue. 

A few" cases have been recorded (Dreyer, Zcil. j)bi/sifcal. (Uiem,. 
XLViii. 487, 1904) wdiere the efl'cct of the addition agtait on the 
crystallisation velocity is to be attributed to an alteration in the 
diffusion constant, of the solute in the solution ; thus the velocity 
of crystallisation of fornianilide is incrc'ased and not decjreased 
by the addition of methyl or ethyl alcohol to the fused salt. 

15. The formation of suspensions. 

The effect of dispersing a solid in a liquid is to produe.e a solid 
disperse phase in a liquid dispersion medium. Such (colloidal 
systems are termed ‘‘sols/’ dispersoids, suspensoids or suspen- 
sions. Suspensions may be produccfl by condensation from 
soluble salts in solution or by the disintegration or dispersion of 
a massive solid phase. By these methods it is possible to prepare 
colloidal systems consisting of a solid dispersed in a medium to 
any requisite degree of (concentration and dispersity. Such 
disperse systems will not however necessarily be stable when 
thus prepared and in order- to obtain stable systems factems other 
than mere size which controls the magnitude of the thermal or 
Brownian agitation have to be considered. Most pot ent amongst 
these stabilising factors which form an important part of in- 
vestigations in systematic colloid chemistry are the ele(^trica] 
charges on the dispersed particles produced in general by ionic 
reactions occurring at the surface of the dispersed material and 
the circumambient liquid. We find also that extraneous materials 
which are preferentially adsorbed at the solid-liquid interfaces 
and lower the interfacial surface tension exert a great influence 
on the stability of the suspension. The mechanism and influence 
of these factors on the stability of suspensions will be discussed 


lfJ-2. 



292 


LIQUID -SOLID INTERFACE 


later (Ch. vu) and we will here confine our attention to the 
general methods of procuring suspensions or disperse systems 
without special regard to their ultimate stability. 

16. Methods of dispersion. 

Tlie formation of a colloidal suspension by the disintegration 
of a solid or the reforming of a stable colloidal solution from one 
in which the original suspension has undergone precipitation or 
agglomeration is frequently termed peptisation, a word intro- 
duced by Graham. This method of producing suspensions has 
been investigated in detail by Bancroft {Second Report on Colloid 
Chemifitry, 1918) where he adopts Freundlicli’s interpretation of 
the mechanism of the process. On the adsorption of a liquid by 
a solid the surface energy of the solid is lowered and we may, 
according to Freundlich, regard the adsorbed film as one pos- 
sessing a low surfaces tension on the liquid side and a high one 
on the other side ; the adsorbed film will tluis tend to disintegrate 
or poptise the solid substan(5e. It is somewhat difficult to con- 
ceive of a film with a high and low surface tension on each side 
of it unless assumptions are made as to the thickness of the film. 
The process of disintegration of a solid may be regarded equally 
conveniently from a somewhat different point of view. That a 
crystal of a soluble salt dissolves in water may be considered as 
a demonstration that the cohesion between the molecules in the 
crystal is less than the adhesion of the water to the molecules 
constituting the surface of the crystal. As the quantity of salt 
in the water increases the adhesional forces between the salt 
water and crystal decrease until they become comparable with 
the intermolecular cohesion. Thus in strong solutions of electro- 
lytes the formation of associated molecules, e.g. (NaCl)^., (BaClgly, 
is by no means infrequent. In all those cases where the inter- 
molecular forces holding the solid are sufficiently small or the 
adhesional forces between dispersion liquid and solid sufficiently 
great solution will take place. If the adhesional forces are but 
slightly greater than the cohesional forces, solution will not be 
complete but associated molecules or colloidal suspensions will 
bo formed. Frequently mechanical methods of dispersion may 
be adopted and the resulting disperse phase “protected” from 
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recoalescence by adsorption of a ‘"protective” agent present in 
the solution. 

The simplest cases of disintegration to a colloidal solution are 
tliose produced by immersion of a solid in a liquid, e.g. the dis- 
integration of nitrocelluloses by means of amyl acetate. Tlio 
solvent action of the medium is frequently greater at high tem- 
peratures than at. low as noted by Lorenz in the dispersion of 
metals in contact with fused salts. 

Bancroft cites cases in which disintegration is effected more 
readily in mixed solvents than by either solvent alone such as 
cellulose nitrate in ether alcohol mixtures. The interfacial surface 
tensions of such mixtures do not appear to have been measured. 

Direct disintegration of ordinary chemical ])recipit.ates in water 
should be brought about by the addition of a solute which will 
be positively adsorbed by the precipitate in the solution. Such 
eases of positive adsorption should result in disintegration unless 
tlie cohesion of the precipitate be too great. No such cases of the 
addition of a non-elect.rolyte to wafer in effecting disintegration 
have been recorded altlioiigh tlie addition of certain substances 
such as sugar and glycerine prevents the precipitation of certain 
hydrous oxides such as ferrous hydroxide where it is to be 
presumed that the internal cohesion is not great. 

Not only may soluble non-electrolytes in a solution be ad- 
sorbed selectively by the material undergoing peptisation but 
frequently the adst^rption of hydrated colloidal materials may 
take place. Although it can readily be demonstrated that sub- 
stances like gelatine arc adsorbed by and protect metals (and 
that they readily effect the disintegration of precipitates) yet no 
direct dispersive effect on metals themselves has been observed. 
Wegelin (Zeit. Kolloid. Clmn, xiv. 65, 1914) has noted however 
that processes of mechanical disintegration of metals tare gieatly 
facilitated by the addition of gelatine. The metal particle which 
has adsorbed the gelatine is now less sensitive to precipitation 
by electrolytes and has in fact acquired properties more akin to 
an emulsion than to a suspension and is said to be “protected.” 
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17. Protection of suspensions. 

This decrease in sensitivity to electrolytes of a suspensoid by 
adsorption of a hydrated colloid from a solution provides a ready 
method for the estimation of the protecting power of these stabi- 
lising colloids. The coagulation of gold sols is associated with a 
marked change in colour from rod to violet and has been em- 
ployed by Zsigmondy {Zeit. /. analyt. Chem. xl. 697, 1901) as 
a standard for the estimation of protecting power whkdi he 
expresses in terms of “gold numbers.” 'I'he gold number of a 
protective colloid is that weight of colloid in milligrammes which 
will just permit the colour change in ten millilitres of a (colloidal 
gold solution containing 0*0058 % of gold to occur on tlie 
addition of 1 m.l. of a ten per cent, sodium chloride solution. 

'^rhe gold numbers of the various protective colloids vary 
greatly and indeed the method offers a means for the detection 
of substances otherwise not easily identified, e.g. the starches. 

As typical of the gold numbers of various protective colloids 
the following values may be cited. 
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Disintegration to the colloid state may also be brought about 
by electrolytes. In general as has already been noted the ions 
of an electrolyte are not equally strongly adsorbed by a surface ; 
owing to the preferential adsorption of one ion the surface 
acquires a charge of the same sign as the more strongly adsorbed 
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ion, the cohesion between the particles is consequently lowered 
and although the interfacial surface tension is likewise rediu^ed 
disintegration frequently results. The laws governing ionic ad- 
sorption MuIl bc‘ discussed in connc'ction with coagulation by 
electrolytes. It may be lUited in passing that relativc^ly insoluble 
electrolytes which are those to which the method of disintegra- 
tion with the aid of ek'ctrolytes is most rvudily applkuible, 
adsorb their own ions most markedly and in (;t)nse(ju(mce salts 
containing a common imi art? most effective disintegrating agent s. 
Tims hydroxides \^ill disperse the hydrated oxides of zinc, 
aluminium and chromium; bol h silvm* and chlorine irms will 
disperse silver chloridr*. Sulphid(‘s imiy 1k‘ disintegi’ated wit h the 
aid of hydrogen sulphide and many oxides by the* formation of 
basic salts with chloride or nitrate ions. 

Tlic rodispcTsion of a sol which has been precipitated by the 
addition of an ek'rdrolyte may also occasionally bc' effccdcMl by 
th(‘ removal of the precipitating agent through washing; thus 
certain precipitates such as silver chloride, zinc sulphide^ and 
copper ferrocyanidc' are readily redispersed in water where the 
precipitating salts are reinovc^d by thorough agitation and 
filtration . 

18. Electrical dispersion methods. 

Two methods of dispersion by cdectrical methods have been 
developed; one first investigated by Davy depemds on the fact 
that where the current density at c-athodes in suit able cdecdrolyU*s 
exceeds a certain critical valim the cathode undergoes disin- 
tegration. Davy noted the formation of a purple red suspension 
of tellurium by the cathodic disruption of a rod of thc>^ metal. 
Muller {Zeit. Elelctroche/tn. xi. 521, 1905) (‘onlirmed this obscirva- 
tion of Davy’s and extendcHl the mcithod to selenium and sulpliur 
by covering a platinum cathode Avith the fused elements. Metals 
such as lead, tin, bismuth, thallium, arsenic, antimemy, and 
mercury are readily dispc'rsed c.athodically by electrolysis in 
alkaline solution at high current densities (Bredig and Haber, 
Ber. XXX. 2741, 1898; Haber and Saeck, Zeii. Kleklrochem. viii. 
245, 1905; Zeit. anorg. Chem. xxxiv. 28(), 1905). 

The mechanism of cathodic disintegration involves the forma- 



296 


I.TQTJID -SOLID INTERFACE 


tion of a metal alloy with a cation only deposited at high current 
densities and a large impressed electromotive force. Thus the 
disintegration of a lead cathode in alkaline solution is due to the 
formation of a lead sodium sAloy which subsequently reacts with 
the water yielding a fine black dispersed lead suspension. This 
electrical dispersion occurs still more readily in fused solutions 
as noted by Lorenz owing to the more elTective disintegration 
caused by the fused electrolytes in comparison with water. 
Of more general utility is the are dispersion method introduced 
by Faraday (Proc. Roy. Inst. 310, 1854) and developed by Bredig 
{Zeit. Elektrochem. iv. 514, 1899; Zeit. physlkal. Chem.. xxxi. 
288, 1899). By forming an arc under various dispersion media 
such as water or organic liquids between wires formed of the 
metal, dispersion of the metal may be efiected. A current of 
some ten amperes with a potential fall of some forty volts is 
usually sufficient to cfiect the dispersion of most, metals such as 
platinum, gold, palladium, iridium and silver. Many metals in 
water give rise only to hydroxides or oxides detectable by X-ray 
examination (Freund lich and Kroch, Zeit. jphysikal, Chem. 
oxlxiv. 155, 1920) when dispersed in this manner, e.g. aluminium, 
thallium, iron, copper and zinc, whilst the presence of small 
quantities of hydroxylions is desirable for ])roducing fine dis- 
persions of the more noble metals. 

The thermal effects of tlie an^ not only in })romoting the 
oxidation of readily oxidisable dispersed metals but also in 
decomposing the dispersion meMliawlien organic liquids are eiii- 
ployed were a serious objection to the method and attempts to 
improve the method which were finally successful were made by 
Svedberg {Ber. xxxvttt. 3616, 1905; xxxix. 1705, 1900; 

Methoden zur Herstelhing kolloider Losungen, 1909). By in- 
creasing the area of the electrodes and insertion of a condenser 
in parallel with the arc gap and reducing the current density of 
the arc Svedberg noted a great improvement in the purity of the 
metals dispersed in this way but decomposition of the medium 
was still marked when liighly reactive metals such as the alkalis, 
or catalytic metals such as cobalt, nickel or platinum were 
employed, whilst several ‘^hard” metals, e.g. aluminium, did 
not disperse readily w^hen subjected to this treatment. By using 
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^xn oscillating discharge from an induction coil as source of 
current and a condenser in parallel willi the electrodes a great 
improvement in the purity of tlie dispersions or sols was achieve( 1 . 
By this method dispersions of vrarioiis f)ieials and meta.lloids in 
diverse media such as water, organic alcoliols, k(‘tones, ethers, 
clJoroform and hydrocarbons have been prepaicd, the best results 
being obtained with short arcs in a system of low resistance, 
small inductance and large capacity. 

The mechanism of colloid ])roduction by means of these 
immersed arcs or sparks has not definitely been cstablislied. It 
has been noted that disintegral ion in tlie direct current arc^ 
o(',curs mainly at the cathode and it has indeed been suggested 
that these electrically produced dispersions are not tlie primary 
product of cathodic disruption but rather the result of an eva- 
poration and secondary condensation and aggregation of metal 
vapour. 

19. Methods of condensation. 

The methods (jf disintegration rely entirely upon increasing 
the dispersity of a solid, which process can, at least theoretical 
be stopxjed at any instant, resulting in t he formation of a sus- 
pension of definite dispersity but one that is not necessarily 
stable. The processes of susptmsion formation by methods of 
eond(‘nsation on the other hand are more complicated, owing to 
the fact that unless the resulting colloidal suspension }>ossesses 
at least some degree of stabilit y the process of condensation once 
set in operation will not cease but proceed until the transforma- 
tion to the macrocrystalline structure i^ complete. 

The conditions of effecting condensation so as to produ(‘e a 
colloidal solution have been investigated in detail by von 
Weimarn {Grmidzuge der Disj)ersoidchemie , 1911). The prodmd io]i 
of a colloidal solution by condensation according to von Weimarn 
is the result of two opposing forces in crystal formation, one the 
inter-atomic forces of the material which tend to impart to the 
material its crystalline characteristics and the otlmr the mole- 
cular kinetic processes coming into play at the crystal surfaces; 
this factor is dependent not only on the nature of the disperse 
material but also on the activity of the dispersion medium in 
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relation to tlie disperse phase. Thus, according to von Weimarn^ 
colloidal solutions whether disx>ersions, gelatinous precipitates 
or gels are in reality crystalline and built up of small crystals 
which under suitable conditions may link up one with another 
to form a network in which the dispersion medium may be 
retained, ".riie conditions for forming colloidal solutions arc thus 
dependent on the formation of small crystals which as has bec'n 
pointed out are produced in solutions in which nucleus formation 
readily obtains, but Avliere the subsequemt growth of the minute 
nuclear crystals is relatively small. 

The rate of nucleus formation is d€q>endent both on the actual 
amount of solute in the solvent and on its solubility; thus if a 
solution of sodium malonic ester in ligrean bo added to a solution 
of chloracetic ester in the same solvent, by interaction an amount 
S of sodium chloride will be formed which by choice of suitable 
concentrations will exceed the actual solubility of sodium chloride 
in ligroin (s) by an amount S — s or P. The rate of nucleus 
formation is in the first instance dex)endent on the velocity of 
initial condensation or the sx^ecifie supersaturation 


(In .S — s 
dt ^ s ~ 


p 
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whilst the subsequent rate of growth of the nuedei once foriYied 
in the above manner is dependent as shoAvn by Noyes and 
Whitney (see p. 284) on the diffusion coefficient as well as the 
absolute supersaturation of the solution x 
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These two equatiems thus dc^fine, according to von Weimarn, 
both the nature of the disperse phase produced by condensation 
and the life of the disx^erse in the form x^roduced at the moment 
of separation. 

The specific sux^ersaturation U which determines the nature 
of the disperse phase must possess a large value for the rapid 
formation of many nuclei which is the condition for separation 
in the suspension or gel form. If the saturation concentration s 
be great a large amount of disperse phase will be produced for 
big values of U and we shall obtain a phase separation containing 
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a great number of nuclei at small distances apart, i.e. conditions 
favourable to the formation of a bridged net^\’ork or a gelatinous 
precipitate. If on the other hand the saturation concentration 6* 
be small the disperse phase separating for large values of w ill 
be highly dispersed, conditions favonrabJe for true dis})ersion or 
suspension formation. 

With the guidance of the above e.onsidmat ions von Weimarn 
has been able to prepan^ a great ninnbej- of inorganic salts in the 
colloidal form. As tyjue-al of a gradual traiwtorniatioii Irom the 
crystalline to the colloidal state of aggregation with incjeasing 
values of f/, the hjllowdng values for barium sul])hcitc^ ])r(‘})ared 
by the interactioji of solutions of bari\nn tltioc yanate and 
manganous sulphate may be cited. 
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21,900-87,500 | Immediate format ion of 
“ amor])hous ” preeijiil ates 
! 1 7-5 k 40-9 ; S7,500-204,5(M) i (3ear eellular jelly* 


From these data it is evident that a momentary “sus])cnsioii ” 
stage is obtained for values of U equal to 8-25, but on attem]>ting 
to increase the U values to obtain more definite persistence of 
the suspension a gel is formed; thus to pro 7 )are a colloidal 
suspension of barium sulphate a medium must be emidoyed in 
which U values of 8—25 may be obtained at low^cr concentrations, 
i.e. we must reduce the actual solubility of barium sulphate. By 
performing the double decomposition in alcohol w ater mixtures 
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in which the solubility of barium sulphate is small a clear stable 
suspension may in fact readily be formed. 

The theory of von Weimam thus accounts fully for both the 
appearance and stability of the colloidal phases in processes of 
condensation, but it is still an open question whether in fact tlie 
colloidal particles are entirely crystalline when prepared in this 
manner. The investigations of Scherrer {Gott, Nachrichten, 191 S) 
with the Rontgeii rays on colloidal gold and silver have indicated 
that they undoubtedly contain crystals, but it is more than 
probable that the individual particle does not consist of one 
crystal but rather consists of an aggregation of minute crystal 
elements held together by surface tension and possessing a 
marked surface energy ; such a composite particle could readily 
undergo transformation in size by aggregation or disintegration 
and (iould at the same time both by a process of solution and 
reprecipitation or by tliermal agitation similar to the ])rocess of 
sintering be converted into the truly crystalline form possessing 
but little specific surface (‘nergy. 

Methods of condensation in which protective colloids are ein- 
ployed, tlius effecting condensation in the presence of a dis- 
integrating agent, are largely employed for the preparation of 
stable suspensions ; thus the precipitation of gold, platinum and 
palladium in the presence of gum arabic or the protalbic and 
lysalbic acids of Paal by means of reducing agents such as 
hydroxylamine, hydrazine, or formaldehyde readily results in 
the formation of remark%ably stable suspensions. 



CHAPTER VI 1 


DIFFERENCES OF POTENTIAL AT INTERFACES 


1. Origin of potential differences. 


The galvanic cell. 


The electric potential tJiroughoiit the body of a. honiogeiu'ous 
phase is constant bnt the possibility of o))taining an electro- 
motive force from the terminals of a cell consisting entirely of 
homogeneous phases and their interfaces proves that in general 
there exist differences of potential ac^ross the latter. The inter- 
facial potential difference is most readily detected when one of the 
phases is a metal as in the Volta pile. It is of importance to know 
the distribution of this potential, whether it is sharply confined 
to the interface or whether it extends some distance into either 
or both phases. In 1860 Sir W. Thomson drew the analogy 
between the potential across a polarised metal elect rode and that 
acToss a charged condenser. This concept was extended by 
Varley (Proc. Roy. Soc. A, xix. 243, 1870) who measured tlie 
capacity of a platinum electrode in dilute acid and t he idea was 
developed by Helmholtz (Wied. Ann. vii. 337, 1807) who 
regarded the interfacial potential as extending betwee^n two 
plane sheets of charge, one situated in the metal surface and the 
other parallel to it in the electrolyte. 

More recent work shows that the double layer is not so rigid 
as at first supposed, but that the layer of charge, at any rate in 
the electrolyte, extends to some distance from the interface. 

The dependence of the potential difference between a metal 
and a solution containing its n valent ions, as shown originally 
by Nernst, takes the form 


F- 


RT 

nF 


log 


Pm 


where fc^ is the ionic activity of the electrolyte and the 
electrolytic ionic solution pressure, a characteristic, according to 
Nernst, of the metal alone. Attempts have not been lacking to 
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express the ionic solution pressure” of a metal in terms of more 
definite and rational physical concepts. 

vSmits (Theory of Allotropy, ch. vii) attributes the potential to 
the dilTerencc in the relative solubilities of metallic ions and 
electrons. It is difficult to attach much physic^al meaning to the 
solubility of electrons in an electrolyte but that the polar water 
molecules may dissolve positive metal ions from off the surface 
of a rnetal gives us a physical interpretation of the origin of the 
Nernst solution pressure. Butler (Trans. Farad. Soc. xix. 728, 
1923) adopting this view has developed from kinetic considera- 
tions an expression for the e.m.f. of a galvanic cell 

U AS\ RT, ^ 

where U is the heat of solution of the jiietallic ions and A and N 
quantities defining the statistical conditions. 

Other attempts have l)een made notably by Langmuir (sec* 
also Heyrovsky, Proc. Roy. Soc. A, cii. 077, 1923, and Rideal, 
Traris. Farad. Soc. xix. 1 , 1924) to derive expressions involving 
the ionisation potentials or work functions of the metals, as 
well as the ionic solution heats, adopting the following cycle. 

M vapour— t-j]/ ions -I electrons -N ions-^iV^ vaxiour 
1 I j I 

Metal j Solution Solution 

M I MH./) I NH-A) 

In general the thermodynamic potential of a constituent 
whicli is electrically neutral may bo said to depend only on its 
concentration and its environment, but if it is an ion the electric 
potential of the phase must also be considered. 

If the electric potential of the electrolyte be taken as zero and 
that of the metal as V in volts the thermodynamic potential of 
the metallic ions will be 

/lim = hg -h RT log c for the electrolyte 
+ 96*5 . lO^^nV for the metal, 

where kg represents the environment in the electrolyte and is 
only independent of c when the latter is small, 96-5 . 10^® w = a„ 
is the charge on a grin, ion and k^ embraces both the concen- 


t 

McUil 

N 



ORIGIK OF POTENTIATE DIFFERENCES 




tration and the environment in the metal 
independent of c. 


Hence 


RT}ngc- (i „, - 

'M)-r, . i<»i« ,1 


and is evidently 


Tn this relation /c,„ — l\, is proportional to tlu* logarithm of 
Nernst’s “ionic solution pressure” and is seen to de]>end on the 
properties both of the electrolyte as well as of the metal as has 
bet^n indicated above. 


In a galvanic cell on closed circuit there arc in general two 
metal /electrolyte interfaces, one li(piid/li(piid aial one metal/ 
metal interfac'o all possible soimjes of potential ditTerenees. The 
early work of VoltiL on metal/metal contact f)otentials led him 
to ascribe to this interface the source of potential of the galvanic 
cell, but the work of Ritter, Faraday arid Kavre show('d con- 
clusively that the electrical energy was derived from t he c lumiicaxl 
<dianges occurring at the metal/electrolyte interfaces. Th'n^ was 
in apparent conflict with the contact theory and accounts of tlie 
controversy have been given by Ostwald (EleMrochernif, ihre 
Geschichte und Lehrc, Leipzig, 1890) and by Langmuir {J . A. 
Klectrochem. Soc. xxix. 125, 1910). Since the contact potential 
between dissimilar metals is greatly influenced by traces of 
adsorbed gases or oxide present on the metallic surfaces, 
supporters of the chemical theory maintained that the Volta 
contact potential was itself due to chemical action, a view 
strengthened by Le Roux’ erroneous conception of the Peltier 
effect. He considered that the heat lib(Tated or adsorbed at a 
metal/metal junction divided by the current passing gave the 
contact potential, which on this view could not exceed a few 
millivolts. Hfdmholtz and J^^ord Kelvin showed that the l\‘ltier 
effect is not a direct measure of the total contact potential but. is 
related to the temperature coefficient of the contact potential by 
the equation , 

I - rp^' ^ contact k.m i-\ 

J’eJtier ^ jrji 


This together with the success of the Nernst liyyKjlhesis in ex- 
plaining the variation in the e.m.f. of a coll with changing 
concentration of the electrolyte led to general acceptance of the 
chemical theory. 
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Evidence from a study of thermionic and photoelectric 
emission indicates that the electron affinity <f> is an intrinsic 
property of a metal. If two metals are placed in contact the 
metal with the smaller <f> value will loose electrons and a potential 
difference will be created between the metals equal to 

As pointed out by Langmuir there is a marked correspondence 
between the order of electron affinities and the electrochemical 
series and the values of ^2 “ same order as the 

E.M.F.’s of galvanic cells. Thus in a Laniell cell 

^Cn ~ ^ ^ volts 

compared to the observed e.m.f. in normal solutions of 
1*10 volts, '^rhe variation of e.m.f. of a cell with concentration of 
electrolyte indicates that part of the (dectromotive force has its 
seat a1 the jnetal/electrolyte boundaries, but it is clear that tlu* 
contact differences at the mctal/rnetal interfaces must be con- 
sidered in any complete theory of the galvanic cell. 

2. Electro-capillarity. 

A change in the electric potential across an interface is accom- 
panied by a cliange in the surface energy and if as in the case of 
mercury or galliiuii in contacit with a solution the interface be 
fluid then the relationship between tlie interfacaal potential and 
the siirfacc energy can be measured directly. 

The dependence of the surfa(;e tension on the electric potential 
across the interface was first established by Lippmann {Aim. de 
Phya. CLXXix. 494, 1875) who studied the behaviour of a mercury 
surface in contact with dilute sulphuric acid and as a result 
devised the capillary electrometer. 

This instrument consists essentially of a cell with a large 
mercury surface as anode and as cathode a mercury thread in a 
capillary tube CC' , As electrolyte, Lippmann used dilute sul- 
phuric acid. 

If the solution contains oxygen it reacts with the mercury on 
standing, producing a small quantity of mercurous sulphate 
which renders the anode unpolarisable. We have already noted 
that the height DC' between the mercury in the reservoir and 
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the capillary electrode surface is a measure of the interfacial 
surface tension. If an external e.m.f. be imposed upon the cell 
the mercury meniscus in the arm CC' will be observed first to 
fall to a minimum value and then to rise again with increasing 



applied e.m.f. On plotting the alteration of the interfacial 
surface tension against the applied e.m.f., Lippmaiin obtained 
a curve which within the limits of accuracy of his experiment 
was parabolic and rose to a well-defined maximum value. 

On the assumption that the alteration in surface energy on 
passing a charge across the interface was purely electrostatic he 
deduced the relationships 

do- , 

~ ciT “ ® d 

where e is the electrical capacity of the surface at constant 
potential, i.e. the quantity of electricity which crosses the inter- 
face when the area is increased by unity, the potential V re- 
maining constant, c is the electrical capacity in the usual sense, 
i.e. the quantity of electricity necessary to increase V by unity, 
the area remaining constant. It is evident that c remains 
constant over the range where the F, cr curve is truly parabolic. 
We have seen that according to Helmholtz the interfacial 
potential extends between two parallel sheet-like boundaries and 
can be expressed by the equation 

V = 477 Jf, 


R sc 


20 
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where M is the electric moment of the interface or if p is the 
density of charge on the surface and S is the distance across the 
double layer 

V = 477 / 58 . 

In 1881 {Monatsheft der Alcad. Preuss. p. 2, 1881) he applied 
this conception to the electro-capillary phenomena observed by 
Lippmann and by Quincke and identified the electrical capacity 
€ of Lippmann’s equation with the charge p on the mercury 
surface. 

Thus a mercury surface in contact witli sulphuric acid on this 
view possesses a positive charge and situated a small distance 
from it in the solution is an equal sheet of negative charge 
probably caused by the anions of the electrolyte. The positive 
charges on the mercury surface will mutually repel one another 
and so decrease the surface tension*. On applying an increasing 


* Tho mutual potential energy of a plane network of doublets is dependent 
on the nature of the packing of the doublets. The case both for a square and for 
a triangular network has been investigated by Topping {Proc. Boy. Soc. A, cxiv. 
68, 1928) who finds ^ where n is the number of doublets per sq. cm., 

each of vertical moment /i. 3^he constant K ~ 9-034 for the square and 8-893 
for the triangular packing. 

We have noted that various equations of state have been proposed for two- 
dimensional gases and vapours both on liquid (Ch. ii) and on solid surfaces 
(Ch. v), the Traube equation FA = BT holds only for very small ranges of 
pressure; under normal conditions the equation of Volmer F {A — B) ~ BT 
or of Rideal and Schofield F {A ~ B) = iRT gives more satisfactory agree- 
ment. It has been mentioned that, as Magnus suggested, a two-dimensional 

analogue of the Van der Waals equation (f — (A — B) = RT might be 


employed, where 


a 

A^ 


is the two-dimensional repulsion in contrast with the 


two-dimensional attraction of gases. Magnus considers this repulsion purely 
electrical in origin due to the mutual interaction of these orientated dipoles — 
and evaluates this potential to 


2-37iVV® 
* “ Ad 


per grm. mol, where A = iVd®, 


or = 2-37A/Lt*TO®/2 which differs from that obtained by Topping only by a 
numerical constant. 

The lateral repulsion per cm. is given by — ^ = — A^d^" 2-37/x*»®^2. 
Magnus gives the following data for two adsorption isotherms on charcoal 
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negative potential to the surface the positive charge on the sur- 
face is diminished, becomes zero, and finally negative in sign 
with a corresponding increase and subsequent decrease in the 
surface tension. Thus according to this conception when 

— 0 at the maximum of the surface tension the electrical 

double layer has disappeared and there is no potential difference 
between the mercury and the solution. 

Experiments with a dropping electrode by Varley {Phil. Trans. 
A, ci. 129, 1871), Paschen and Smith and Moss (Phil. Mag. xv. 
487, 1908), showed that when an insulated mass of mercury was 
allowed to drop rapidly through a solution it always took up the 
potential corresponding to the maximum surface tension of the 
electro-capillary curve. 

The behaviour of the dropping electrode could be explained 
on Nernst's hypothesis if the concentration of the mercury ions 
in the solution were such that their osmotic pressure was equal 
to the electrolytic solution pressure of the dropping mercury; the 


including the calculated value of a and a comparison with the saturation 
“constant” of the Langmuir isotherm. 



p mm. 

FA X 10-» 
obs. 

FA X 10-6 
calc. 

ka X 10-» 

Lang- 

muir’s 

saturation 

constant 

T. 273^^ 

84-2 

34-4 

35-3 

1-76 

92-8 


109-3 

37-4 

38» 

1-70 

83-8 


216-6 

50-2 

50-6 

1-85 

68-6 


344-3 

61-8 

61-8 

1-90 

58-4 


440-0 

68-6 

69-3 

1-83 

52-6 

T. 298° 

86-2 

25-1 

24-6 

1-33 

103-0 


89-9 

25-3 

24-7 

1-34 

101-3 


146-2 

28-8 

28-3 

1 31 

95-7 


222-0 

30-7 

30-7 

1-20 

74-2 


368-7 

37-0 

37-0 

1-20 

68-2 


On liquid surfaces however it is clear that the lowering of the surface energy 
cannot be due solely to dipole repulsion and it appears more than probable that 
two-dimensional adhesional forces as well as the electrical repulsive term for 
polarisable dipoles in different states of orientation and aggregation have to be 
taken into consideration. 
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drop would neither acquire nor lose mercury ions in its passage 
through the electrolyte ; thus a dropping electrode, or a mercury 
meniscus at the maximum of surface tension, should be an elec- 
trode of “ zero ” potential. The potential of a decinormal calomel 
electrode against the dropping electrode is ca. 0*56 volts. This 
simple view is not correct since it has been found experimentally 
that the shape of the electro-capillary curve and the potential 
of the maximum of surface tension both vary with different 
electrolytes. The potential of the dropping electrode is also 
altered ; but for any one electrolyte the potential taken up by the 
dropping electrode is always that which corresponds to the 
maximum of the electro -capillary curve in that electrolyte. 

Before discussing the anomalies obtained with different 
electrol 3 dies we will consider the phenomena from the point of 
view of adsorption. 

By suitable choice of the dividing surface it has been shown 
(p. 48) that the equation of Gibbs reduces to the form 

da — — 

If the component of thermodynamic potential /x be an ion 
carrying a charge and the electrical potential of one phase, 
e.g. the mercury be changed by dV, then in order to maintain 
equilibrium there must be a corresponding change in the thermo- 
dynamic potential of the component such that 

dyu = a^dV 

and the above equation becomes 

dV 


The nature of the com;^onent F depends upon the arbitrarily 
chosen position of the dividing surface. Gibbs placed the dividing 
surface so that the surface excess of mercury was zero and ex- 
pressed r in terms of the surface concentration of hydrogen. 
Warburg {Wied. Ann. (9), xm. 1, 1890) expressed F in terms of 
the surface concentration of mercury ions and showed the rela- 
tion between this and the Lippmann-Helmholtz theory by 
identifying F with the charge on the mercury surface, or 
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On this view the concentration of the adsorbed mercury ions 
is identical with Lippmann’s electrical capacity at constant 
potential. Schofield (Phil. Mag. l. 641, 1926) placed the dividing 
surface so that there was no surface excess of mercury ions and 
expressed F in terms of the surface excess of electrons. This has 
been criticised by Frumkin (Ergeb. der exact. Wissenschnft. vii. 
1928) and Butler (Proc. Rog. Soc. A, cxm, 594, 1927) on the 
grounds that it leads to an illusory result, since with this choice 
of dividing surface the surface concentration of electrons cannot 
be identified with the charge on the double layer. 


3. Experimental verification of Lippmann’s equation. 

An experimental verification of Lippmann's ctpiation has been 
carried out by Frurnkin (Zeit. jjhgsikal. CJmn. riTT. 56, 1922) and 
by Schofield (Phil. Mag. i. 641, 1926). 

Frumkin using a dropping electrode similar to that employed 
by Varley measured the current caused by the mercury dropping 
through the various solutions. Knowing the number and area 
of the drops the density of the charge on the mercury siu’face 

was obtained. He also measured for a mercury surface in 

these solutions and from this by means of Lippmann’s equation 
calculated c. As shown in the following table the calculated and 
experimental values are in good agreement. 


Solution 


micro- 

coulombs/cm.- 


dajdV 

micro- 

coulombs/cm.® 


n-NaCl with HgjCh . • • • - • 4^7 

n-KOHwithHgO » 17 

2 n-H 2 S 04 with Hg 2 S 04 39 

n-KNOg + -Oln-KI with K1 . Hgl., 90 

n-KOH 4 (CaHslgO with HgO ..7 - 1-3 


r)0 

21 

39 

86 

- 1-5 


Schofield actually measured the amount of mercurous salt 
which was removed from a solution by an expanding mercury 
surface and compared this with the value of F calculated with 
the aid of Gibbs’ and Lippmann’s equation. 

He found it easier in practice to test this relation by determining 
the increase in concentration of a solution flowing steadily over 
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a mercury surface into which drops having previously come to 
equilibrium with the solution coalesced. The drops were counted 
by means of a rotating disc with radial slits mounted on a 
Rayleigh Wilberforce synchronous motor. By finding the weight 
of a given number of drops the area of each drop and hence the 
area removed per second were calculated. The number of grm. 
ions thereby thrown off into the solution as it flowed past was 
found by adjusting a current which, flowing between a still 
mercury surface as anode and a platinum foil in a side tube, 
caused an alteration in the mercurous ion concentration to yield 
the same increase, in e.m.f. Potentiometer observations were 
made to detect changes in mercurous ion concentration. The 
following table shows the agreement between the observed ad- 
sorption and that calculated from the slope of the corresponding 
electro-capillary curve. 


E.M.F. 

(function of 
) 

millivolts 

r directly measured 
grm. equivalents/cm.® x 10’® 

r calculated from slope 
of capillary curve, i.e. 
by Gibbs’ equation 
grm. equivalents/cm.® x 10’® 

180 

4-23 

410 

30-5 

3-69 

3*56 

420 

j 310 

3-20 


It thus appears that the surface concentration calculated with 
the aid of the Gibbs equation is equal on the one hand to minus 
the surface charge found by Lippmann's equation from the 
slope of the electro-capillary curve and on the other hand to 
minus the number of grm equivalents of mercury ions taken 
up by an expanding surfabe or thrown off by a contracting one. 

4. Variation in the form of the electro-capillary curve. 

The investigations of Rothmund {Zeit, physikal. Chem. xv. 1, 
1874), Smith (Phil, Trans, A, cxciii. 70, 1900) and of Gouy 
(Ann. Chim. Phys. (7), xxix. 145, 1903) have shown that whilst 
the form of the electro-capillary curve at a mercury dilute 
sulphuric acid interface is almost exactly parabolic, in other 
electrolytes the form is greatly modified as us shown by the 
following data. 
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F_ - F, 
in volts 

V — V 

8 from the expression S = - ^ in A. 

4rre 

in the following electrolytes 

H,S 04 ( 16 %) 

KNOgJf 


io 

1 10 

•241 





+ -8 

321 

— 

— 


4- -6 

■338 

-312 

■232 

— 

+ 4 

•324 

-302 

■236 

•058 

+ -2 

•295 

•200 

•264 

■120 

- *2 

•278 

•310 

•372 

•201 

„ .4 

•339 

•375 

•413 

•273 

- -6 

— 

•410 

•445 

■338 

- -8 

— 

•472 

•408 

■376 

- 10 

— 

— 

•479 

•384 

- 1-2 

— 



•483 

— 

- 1*4 

— 


•475 

— 


Gouy (Ann. Chim. Phys. viii. 201 ; ix. 75, 1006) likewise noted 
a change in the position and form of the curve on the addition 
of organic substances to the electrolyte. This has led to a con- 
siderable modification of the simple theory of Helmholtz and 
the importance of “pure’’ adsorption has been emphasised. It 
was considered by Gouy (C.R. cxxxi. 030, 1000) that additional 
ions will be present on the surface if they are capillary active, 
so that at the maximum of the electro-capillary curve there may 
still be a considerable potential difference between the solution 
and the mercury due to this layer of capillary adsorbed ions. 

Capillary active anions are more readily adsorbed on a positive 
surface and are thus more effective in depressing the rising or 
positive branch of the electro-capillary curve. Similarly active 
cations are more readily adsorbed on the descending or negative 
branch of the curve. Neutral molecules as shown by Gouy are 
most effective in the region of the maximum of the curve where 
the surface charge is a minimum. Attempts to achieve a quanti- 
tative interpretation of these results have been made by Frumkin 
(Ergeb. der Naturwiss.Yii. 1928), and by Butler (Proc.Roy. Soc. 
A, cxn. 129, 1926; cxin. 594, 1927; oxxrr. 399, 1928). 

An early attempt to explain the anomalies obtained in inor- 
ganic solutions such as iodides and cyanides was made by 
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Kriiger {Zeit. Elehtrochem. xix. 681, 1913) on the assumption 
that the mercury salts were adsorbed at the interface. He 
modified Lippmann’s equation to the form 

= l)c8, 


where c is the bulk concentration of the mercury salt, S the thick- 
ness of the double layer and Ic the distribution of the salt between 
the surface layer and bulk of the solution. Whilst this view 
explains the fact that electrolytes forming complex salts with 
the mercury give a greater displacement for the curve than for 
that observed with sulphuric acid yet as noted by Frumkin 
{Phil. Mag. xl. 803, 1920) the additional term is not sufficiently 
large to account for the observed anomalies and is inapplicable 
to non-electrolytes. 

Both Frumldn and Butler derive an expression in which the 
second term represents the excess concentration of adsorbed 
ions ; where mercury ions are specifically adsorbed this becomes 


r + '+ 2A:F, 

dV Hff Hgr ^ 


where is the additional amount of mercury ions specifically 
adsorbed at the interface (above that which corresponds to the 
electron charge on the double layer) and 2hV corresponds to the 

— € of Lippmann’s equation. At the maximum of the electro- 
capillary curve where = 0, e is not zero but is equal to 

— ttHgFng^ • We can thus understand why mercury dropping into 
a “null” solution (i.e. a solution in which the surface tension is 
a maximum) produces no change in the concentration, for the 
number of mercury ions transferred from the expanding mercury 
surface into the solution to give the mercury surface the re- 
quired charge is just equal to the. amount which is specifically 
adsorbed. 

Butler develops a kinetic treatment to the adsorption of the 
Ions and obtains an expression for the lowering of the surface 
tension in terms of the potential V and the amount initially 
adsorbed. If the work done on adsorption of an ion is a fraction 
a of the total work done on transfer of an n valent ion nFV and 
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if T'q is the amount adsorbed \^hen V = 0, Butler obtains the 


expression 


<7 — (To 



RT 

anF^ 


anFl' 
RT . 


This expression is found to ax)ply with some exactness to the 
experimental data of Smith (Phil. Trans. A, cxciii. 48, 1899) 
on potassium iodide and cyanide. It is found iliat a - 0-122, so 
that the electrical work of adsorption of tlie anions may be 
considerably less than the t<3taJ potential ditference across the 
interface. 


5. The adsorption of neutral molecules. 

We have seen that Gouy noted that capillary active non- 
electrolytes lower the maximum of the electro-capillary curve 
and in many cases cause a lateral movement of the whole curve. 

Frumkin (Zeit. f. Phys. xxxv. 792, 1926) considers the effect 
of replacement of a water molecule at the interface by one of 
smaller dielectric constant; the electrical work of adsorption 
is given by ^ 

where V is the electrical potential and c — c' the capacity change 
of the interface when water is replaced by organic molecules. If 
the molecules adsorbed likewise possess an electric moment there 
will be an additional term which may be written 

where Vj^ is the potential difference due to the dipoles when the 
mercury surface is uncharged and completely covered with ad- 
sorbed molecules. The electrical work of adsorption W at the 
potential V is accordingly 

W^l(c-&) F2 + c'lVl^ 

This change in the work of adsorption due to the potential V 
may by Boltzmann’s distribution principle be considered as 

}y 

causing a dilution of the original solution in the ratio 
Such a dilution causes an alteration in the surface tension and 
the relation between this dilution and the surface tension can 
be calculated with the aid of one of the appropriate equations 
of state (Ch. II, p. 67). 
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Frumkin obtains a fair agreement between the calculated and 
observed values in the case of amyl alcohol in normal sodium 
chloride as electrolyte in a capillary electrometer. If the poten- 
tial difference between the mercury and water be large then the 
organic molecules of lower dielectric constant are forced out of 
the double layer and the form of the electro-capillary curves 
over this region is thus unaltered. There is in many cases a 
close parallelism between the adsorption of these non-electro- 
lytes at an electrolyte mercury and an electrolyte air interface 
(see p. 343). Frumkin (Zoc. cit.) gives the following values: 


Substance 

r^o water/air 
grm. mols per 
sq. cm. X 10^° 

water/mercury 
grm. mols per sq. 
cm. X 10^“ 

Tertiary amyl alcohol 

4-4 

4-3 

Normal caproic acid 

5-38 

5-6 

7 >-CreBol 

6*8 

1 8-2 

o-Cresol 

4-8 

1 6-8 

Pyrocatechin 

1-8 

40 

Pyrogallol ... 

2-3 

2-7 


In the case of the phenols it is clear that the orientation of 
these molecules at the two interfaces cannot be identical, and 
the peculiarities in the adhesion of organic substances containing 
halogens and sulphur to the mercury surface have already been 
noted. Frumkin finds for example that j8-iodo -propionic acid is 
some thirty-six times more strongly adsorbed at a mercury-water 
interface than the j8-chlor acid, this large increase in adsorba- 
bility not being observed at a water-air interface. 

In the expression developed above the assumption is made 
that the electric moment of the adsorbed molecule remains 
constant during adsorption. This we have seen is not necessarily 
the case at a solid gas interface and Butler (Proc. Roy. 8oc. A, 
cxxii. 399, 1929) has calculated in the following manner the 
work of adsorption allowing for the induced polarisation of the 
molecule as it is brought near the charged surface. 

The work done in moving an element of dielectric of volume 
hv from a region of zero field to one where it is E is given by 

W = 
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where P is the polarisation per unit volume corresponding to a 
field strength E. In moderate fields, P = aE and W = SvlaE'^. 
If A be the solvent and the solute present in relatively small 
concentrations, on moving a molecule of B of volume 8v^ from 
a region i to a region ii it displaces an equal volume of A in the 
opposite direction and the work done is given by 

^ = i i«A- “«) 


If in addition to this induced polarity the molecules possess a 
permanent electric moment P per unit volu?ue there will be an 
additional amount of work equal to (P^ — P^) E8vj^ and the 
total electrical work is accordingly 

W ^ [i (a^ - aj,) E'^ - P^) E] 8vj,. 


If To be the excess concentration of B when F = 0 and F the 
concentration at the potential V then applying the Boltzmann 
distribution principle 

where 


E kV and a ^ 


2 — «J3) 

~kT 


and h = 


(P A ~ b) ^'^’b 

kT 


a form somewhat similar to that of Frurnkin. 

From this it follows that Ao- the depression of the surface 
tension at the potential V is given by 
Ao-= 

where Ao-q is the depression where F = 0. 

Butler examines Gouy's electro-capillary curves for a number 
of electrolytes containing non-electrolytes and is able to account 
quantitatively for the main features of the curves. He considers 
that the maximum adsorption of the organic molecules occurs 
at the point at which the effect of the electrical attraction of the 
surface for the dipoles is just balanced by the repulsive effects 
of the induced dipoles. 


6. The structure of the boundary layer. 

Neither Gibbs’ equation nor that of Lippmann gives us any 
information as to the structure of the boundary layer. Helm- 
holtz, as we saw, considered it to consist of a charge on the metal 
surface separated from a layer of ions of opposite sign situated at 
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a small distance from the surface. He did not, however, enquire 
how these ions were kept separate from the surface or whether 
the charges should be considered as separated by a dielectric 
medium. 

From Helmholtz’s equation it is possible to calculate the 
equivalent thickness of the double layer S, as well as the electric 
moment /x, i.e. the distance to which a proton and an electron 
must be separated, in imcno, to give the same electric moment. 
From a knowledge of F and F we are in a position to calculate 
the electric moment of each adsorbed molecule ; a few of these 
are given in the following table : 


Substance 

Interface 

Double layer thickness 
per molecule in A. for 

r=lx 10-10 
grm. mols 
per sq. cm. 

r = 2x 10-10 
grm. mols 
per sq. cm. 

n- Butyric acid 

Water-air 

0-06 

006 

Tertiary amyl alcohol 

Water-mercury 

0*05 

006 

Cane sugar ... 

>♦ 

very small 

very small 

Potassium iodide ... 


0-24 

[0-15] 

Mercurous sulphate 

Dilute acid-mercury 

0-23 

0-20 

Sodium oleate 

Borate buffer — oleic acid 

[0-2] 

[0-16] 


Whilst the electric moment so calculated is in reality not an 
absolute value, since it is actually only the alteration in electric 
moment of the surface produced by substituting the adsorbed 
solute molecules for solvent molecules, yet it is clear that the 
ionisable substances possess large values which vary within wide 
limits as the surface concentration is altered. We must conclude 
that since the apparent molecular electric moment varies with 
the concentration that Helmholtz’s conception of a rigid double 
layer must be replaced by some species of boundary layer which 
varies in structure with the surface concentration. Gouy (Zoc. 
cit.) was the first to consider in detail the mechanism by which 
the ions are kept away from the charged surface. He put forward 
the view that the finite value of 8 is due to their thermal agita- 

M 

tion. On this idea a solution say of ^ NaCl is of uniform 
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concentration at some distance from the electrode but if the latter 
be charged negatively the concentration of the cations increases 
as its surface is approached and that of the anions decreases ; the 
osmotic forces which tend to re-establish a uniform concentra- 
tion being balanced at each point by the electric force due to the 
potential gradient. On the assumption that the ions were point 
charges in ideal solution of dielectric constant SO, Gouy cal- 
culated the distance of the “centre of gravity” of the volume 
charge caused by the excess of cations and deficit of anions from 
the electrode surface as a function of the concentration of the 
solution and the surface charge €. The following are the values 
calculated for a decinormal solution of a uniunivalcnt salt 
together with the observed values for sodium chloride. 


e 

Distance of 
c.G. in 
oms. 10~® 

8 in 

eras. • 10“” 

S observed 
cms. X I0“i^ 

00 

9-6 

100 


0 0019 

0*6 

120 



0017 

91 

114 i 


350 

0-33 

7-5 

94 


to 

0-89 

5*4 

08 


490 

1-84 

3-5 

44 



2-60 

31 

39 




The discrepancy between observed and calculated values is 
considerable. Furthermore, on Gouy’s theory of a “diffuse” 
boundary layer 8 should vary inversely as the square root of the 
concentration ; actually it varies very little either with e or the 
concentration. 

Chapman (Phil. Mag. xxv. 470, 1913) on the assumption of 
the applicability of the gas laws and the Boltzmann distribution 
equation to the ionic atmosphere has calculated the distribution 
of the ions in the electric field but the expression obtained does 
not agree well with the experimental results. Stern (Zeit. 
Elektrochem. xxx. 508, 1924) combines the Helmholtz double 
layer with the diffuse layer of Gouy. According to this view the 
charge on the metal resides on the surface; the charge in the 
solution partly as a parallel layer of charge at a distance of 
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the mean ionic radius and partly as a diffuse layer which extends 
some distance into the solution. 

The boundary layer structure is thus complex consisting in 
general of two parts, an inner condenser-like double layer and 
an outer or diffuse layer. It is probable that the sheets of the 
inner layer are separated by but one layer of water molecules 
possessing a dielectric constant of about 7, the diffuse layer 
stretcliing a not inconsiderable distance into the aqueous phase. 
It is clear that the potential gradient giving rise to F the inter- 
face potential is not uniform but is probably steeper over the 
inner double layer and falling off more gently across the outer 
or diffuse layer. In some cases at least it is possible that a two- 
fold ionic stratification may exist before the outer layer is 
reached, the potential distance curve thus presenting a point of 
inflexion as indicated by (ii) in the following diagram. 



layer layer 

In addition to the interphase potential difference V there 
exists another potential difference of fundamental importance 
in the theory of the electrical properties of colloids, namely the 
electrokinetic potential, of Freundlich. As we shall note in 
subsequent sections the electrokinetic potential is a calculated 
value based upon certain assumptions for the potential difference 
between the aqueous bulk phase and some apparently immobile 
part of the boundary layer at the interface. Thus £ represents a 
part of V but there is no method yet available for determining 
how far we must penetrate into the boundary layer before the 
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potential has risen to the value of the electrokinetic potential C, 
whether in fact ^ represents part of, all or more than the diffuse 
boundary layer. It is clear from the above diagram that ^ bears 
no relation to V ; the former may be in fact either of the same or 
opposite sign, a conclusion experimentally verified by Freundlich 
and Rona. 

7. Gas films at metal electrolyte interfaces. 

The electrode potential of both polarised cathodes and anode; 
varies with the current density giving rise to the plienomena of 
hydrogen and oxygen over-potentials. At small current densities 
when the formation of bubbles of gas docs not affect the surface 
area the relationship between the potential changes and the 
discharge of definite quantities of electricity can be examined. 
The effects of gas films formed in this manner have been ex- 
amined by Bowden and Rideal and by Bowden (Proc. Roy. Soc. 
A, cxx. 60, 1928; cxxv. 446, 1929). Studying the cathodic me- 
chanism in oxygen -free electrolytes it was found that the 
potential change was a linear function of the quantity of 
electricity passed, viz. 100 millivolts per 6 x 10”^ coulombs per 
accessible sq. cm. This linear relationship was found to be inde- 
pendent of the nature of the underlying metal, thus furnishing 
a method for the evaluation of the accessible surfaces of metals 
(see Ch. V, p. 176). The total amount of electricity that must be 
passed to change the potential of a platinum electrode from that 
of the reversible hydrogen to that of the reversible oxygen 
electrode was found to be 9 . coulombs per accessible sq. 
cm. The number of hydrogen atoms on a platinum surface 
packed on or between the underlying platinum atoms is ca. 
1*6 . 10^® per accessible sq. cm. Thus the amount of electricity 
required to remove 1*6 . 10^^ hydrogen atoms in the form of ions 
and to deposit the equivalent number of divalent oxygen atoms 
is 3 X 2*7 . 10-* or 8-1 . 10“^ coulombs, a value close to 
that obtained experimentally. Thus the change from the hydrogen 
to the oxygen potential involves the removal of a monatomic 
film of hydrogen and its replacement by one of oxygen and since 
the curve between these two points is linear in form the trans- 
formation is a gradual one. 
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To establish the oxygen over-potential it was foiind that to 
raise the potential by 100 millivolts 11 . 10 “® coulombs per 
accessible sq. cm. had to be passed, a value to be compared with 
6 . lO-"^ coulombs for hydrogen. If the potential difference 
across the interface be regarded from the point of view of 
Helmholtz as due to a number of electric doublets each possessing 
a finite electric moment then the potential change is given by 

AF = 47r/xAn. * 

Inserting the above values we find that fx for the hydrogen is 
7*2 . 10“^® E.s.u. and for the oxygen 7-8 . lO-^® e.s.u. 

It might be suggested that a hydrogen doublet on the surface 
of a metal resulting from the discharge of a hydrogen ion is 
formed by the electrostatic attraction of a hydrogen ion from 
the solution to the proximity of the discharged atom which, 
possessing an electron affinity on being attached to the under- 
lying metal, behaves as a negative ion (cf. Heyrovsky,i?ec. Trav. 
Chim, XLIV. 499, 1925; XLVI. 582, 1027). 

Since the doublets are of the order of molecular dimensions a 
change of 100 millivolts is equivalent to a change in the electric 
field strength of the double layer of 10® to 10’’' volts per cm., 
strong enough to produce deformation of the doublets, and thus 
alter their length of life on the surface of the metal. The rate of 
decay or rate of evaporation of the electro-deposited hydrogen 
doublets was also examined by Bowden. If the energy necessary 
for a dipole to evaporate or escape be W, this energy can be 
supplied both by thermal agitation and by increasing the poten- 
tial across the double layer and thus causing further deformation 
of the doublets; we can thus write 

W = w -i- aV. 


yhe fraction of dipoles possessing this energy will be 

N^NoC V /er V 

or on differentiating with respect to V we obtain 
SlogiV _ o o 91og* a 
dV ~ dV ~ RT 


( 1 ), 

( 2 ). 


From a plot of the log i, V ciuwes for the rate of liberation of 
hydrogen from different surfaces it wa« foxmd that for hydrogen 
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on a variety of metallic surfaces and for oxygen on platinum 
the value of a was 0-5 in agreement with tlie experiments 
of Tafel {Zeit. physikal. Chem. l. 041, 1908). On contaminated 
surfaces a for hydrogen falls to a value as low' as 0*2 on an old 
mercury surface. The expressions connecting the rate of eva- 
poration of the doublets are obtained from ( 1 ) in the form 


and 



d log i v'> + a 1 


or 


W -h aV = (r/r 


dV 

dT 


W. 


From these equations it is possible to evaluate w i a\\ the 
energy of activation which must be supplied to a gas dipole in 
order that it may evaporate froju the surfac^e. 

In the case of liberation of hydrogen at a mercury surface 

at 36° O. at the potential of — 1*0 volt on the saturated 

calomel scale w^as found to be ()*023, whence to + a V 0-43 volts. 
At a current density of 1 . 10~^ amps per cm.- and the jiolential 

d V 

being the same as before Avas found to be 0-0026 volts/degree^ 

giving a value of iv + aV ^ 0-41 volts, a value in good agreement 
with that obtained from the variation in the (uirrent with the 
temperature at constant voltages. 

For oxygen on platinum values of 0-47 and 0*44 volts were 
found by the two methods. 

We may note that these measurcunents were taken at a 
potential difference between mercury and the electrolyte* of 
-- 1-0 volts on the saturated calomel scale, or - 0-47 volts on the 
absolute scale. 8ince W = w aV ^ 6-42 volts, we obtain 
w - 0-42 -I 0-5 X 0-47 - 0-65 volts, 
equivalent to an energy of activation of 15,000 calories per grm. 
mol. For oxygen on platinum the energy of activation is found 
to be 23,000 calories per grm. mol and for hydrogen on fresh 
platinum a value as low as 7000 cals, per grm. mol was found 
rising to 9000 cals, with increasing age of the surface. 

Bowden likewise noted that the discharge of hydrogen doub- 
lets could be photo-accelerated. 
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8. Motion due to the electrokinetic potential. 

If charcoal be immersed in dilute hydrochloric acid the 
hydrogen ions are adsorbed more readily than the chlorine ions. 
Owing however to the electrostatic attraction between the ions 
of opposite sign, a diminution in the equilibrium surface ct)n- 
centration of the hydrogen ions, and an increase in excess of tlie 
equilibrium concentration of the chlorine ions occur. The system 
as a whole is electrically neutral, but between the charcoal and 
the solution a difference of potential will be created, a measure 
of the excess of hydrogen ions over chlorine ions adsorbed. The* 
solid will thus acquire a charge relative to the liquid, and on 
impressing an e.m.f. on the systejn, the liquid will move past the 
solid, if this be kept stationary, a phem^menon termed electric 
endosuHJse; whilst if the solid be present as small parti(des the>«(‘ 
will move through the solution to one or other of the electrodes, 
a motion to which the term electric cataphoresis has been 
applied. 

9. Electric endosmose. 

In 1808 Reuss {Mhn. de la Sac, de Moscou, ii. 327, 1809) 
observed that on passage of an electric eui’j'ent through a cell 
containing an earthenware diaphragm the electrolyte was trans* 
ferred from the anode to the cathode compartment. Porret 
{Pogg. Ann. lxvi. 272, 1816; lxxviii. 618, 1828) observed a 
similar phenomenon wdth a sand diaphragm. Wiedemann {ibid. 
Lxxxvil. 321, 1852; xcix. 177, 1856) was, however, the first to 
conduct a series of systematic experiments on the subject. Th(‘ 
theory that any electric “double layer ’ was the cause of the 
phenomenon w^as first suggested by Quincke {ibid, cxiii. 513, 
1861) and developed by Helmholtz {Anii. de Phys. Clnm. vii. 
337, 1879; Ges. Abhandlangen, i. 855, 1882). 

The relationship between the quantity of liquid transported 
and the current has been developed in the following manner by 
Porter {Trans. Farad. Soc. XLVili. 133, 1921). 


A 
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Consider the stream line flow of liquid through a narrow 
capillary tube A A of cross-sectional area A to which a longi- 
tudinal voltage F, — Fg is applied so as to be uniform across the 
cross-section. If there is a charge q anywliere in the liquid the 

force acting on the charge is — q . 

We select a cylinder of unit length and radius r enclosing the 
charge q, then the total normal induction over the c^ linder is, by 

Gauss’s theorem, ^ where K is the specific inductive capacity 

of the liquid. The curved area of the cylinder is 27rr and tlie 
electric force outwards from the curved surface is 




When a steady flow ?/ is set up the longitudinal force on t he 
charge balances the frictional force against the curved area or 

dV ^ dll 


= — ZTTrri 


where rj is the viscosity. 
Eliminating q we obtain 


The electric current C is by Ohm’s law equal to 

_ dVA 
dxR^ 

where R is the specific resistance of the liquid. 

Tx d V 47T7 jA du 

Hence ^ ^ . 

dr KRCdr 

This equation is independent of the particular distribution of 
the electric charge across the cross-section. 

If Vni and are the potential and velocity at a point on the 
tube axis and F^^, and zero the corresponding values for the tube 

wall . A 

\T Y r ... 

^ m ^ w — b ~ RCR ' 
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If the charges in the liquid forming part of the double layer 
are in close proximity to the tube wall there will be no charge in 

the bulk of the liquid, i.e. g = 0 or = 0; thus the liquid will 

move through the tube with a uniform velocity equal to . 
The total liquid flow will consequently be = V say. 


Hence 


C7- 


KBC 

4 : 777 ] 


(V - V,,,) ^ 


KBC 

4777 ] 


1 . 


where ^ is the transverse voltage or electrokinetic potential 


KA 

4777 ] 


X longitudinal voltage x transverse voltage. 


The transverse voltage ^ is the drop of potential across the 
double layer and is of the order of O-Ol to 0-05 volt. It will be 
noted that the amount of liquid transported is dependent on the 
nature of the liquid and on the current and is independent of the 
diameters or lengths of the lubes of the diapliragm. Somewhat 
divergent views are held as to tlie actual tliickness of the double 
layer (Lamb, Phil. Mag, xxv". 52, 1888), a point which we have 
already referred to. 

In a similar manner the actual hydrostatic pressure difference 
P produced by electric endosmose can be calculated, with the 


following result: 




V^)K 


On forcing a liquid through a diaphragm, diaphragm currents 
are set up, a phenomenon noted by Wiedemann and Quincke 
and one fully accounted for on the hypothesis of the existence 
of an electrical double layer between the diaphragm material and 
the liquid. 

As has been indicated above the formation of the electric 
double layer of potential ^ is attributed to the selective or 
preferential adsorption of one ion. The influence of the nature 
of the electrolyte on both the magnitude and sign of the electric 
double layer as indicated by electric endosmose experiments was 
first studied in detail by Perrin (J, Chim. Phys. ii. 601, 1904; in. 
60, 1905; see also Hittorf, Zeit, physikal. CJiem. xxxix. 613, 
1902; XLJii. 239, 1903; Baudouin, C,R. cxxxvin. 898, 1904; 
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Ascoli, ibid, cxxxvii. 1253, 1903; Guillaume, ibid. CXLVII. 53, 
1908 ; Elissafoff, Zeit.physiml. Chem. Lxxix. 385, 1912 ; Betlie and 
Toropoff, ibid. Lxxxviii. 086, 1914; lxxxix. 597, 1915; Glixelli, 
Bull, de V Acad, des Sciences de Cracovie, A, 102, 1917; Gyemant, 
Koll. Zeit. xxviii. 103, 1921). l''he general conclusions in regard 
to the influence of various electrolytes on electric endosniose may 
be briefly summarised as follows ; 

In accordance with theoretical expectations only strongly 
ionising solvents exhibit marked endosniose, e.g. chloroform and 
benzene arc practically inert whilst nilrobenzene, the alcohols 
and water exhibit the phenomenon t-o a marked extent. Of the 
ions adsorbed by materials consliluting the diaphragms, as in 
the case of direct adsorjition, the Jiydrogen and hydroxyl ions 
have the greatest influence. In acid solutions most diaphragm 
materials acquire a positive charge relative to the liquid which 
moves to the anode, in alkaline solutions hydroxyl ions are 
adsorbed and the liquid moves to the cathode being positive 
relative to the negativel^^ charged diaphragm. 

If the solid diaphragm material adsorbs both hydrogen and 
hydroxyl ions it is evident that elec? trie endosmoso will cease 
when equal ionic adsorption has taken plac(% the double layer 
potential or electrokinetic potential being at this point zero and 
the diaphragm is at the isoelectric point . 

No substance examined appears to have an isoelectric point 
identical with pure water 7 where the solution contains 

identical concentrations of both hydrogen and hyciroxyl ions and 
in general most materials adsorb hydrogen ions more readily than 
hydroxyl ions. 

In the tables overleaf arc given the concentrations of solu- 
tions necessary to change the sign of a few typical diaphragms 
and the relative rates of electric endosmose through diaphragms 
of identical thickness. 

Agar-agar, collodion and cellulose appear always negative 
except in strongly acid solutions. Various relatively insoluble 
bases and acids have been employed as diaphragm materials by 
Glixelli (Bull, de V Acad, des Sc. de Cracovie, 1917) and Gyemant 
(Koll. Zeit. XXVIII. 103, 1921), and as anticipated the isoelectric 
points of the basic diaphragms are formd in weakly alkaline 



326 


DIFFERENCES OF POTENTIAL AT INTERFACES 


Diaphragm material 


AgCl 

CrClg 

Blood charcoal 


Oelatiiic 


Kaolin . . . 


Solution 


N 
500 
N 
500 
N 

1000 

N 


HCl 


NaOH 


HCl 


100 

N 

KMK) 

N 


HCl 


HCl 


-HCl 


20,(M)0 

N 

lj|-,NaOH 


Diaphragm 

charge 


'f 


+ 


Relative 
rate of 
electric 
endosmose 


3 

5 

9-5 

8-5 

2-6 

1 - 4 
0-7 
0-4 

2 - 2 
3*5 
0 

OG 

01 

18-2 


solutions, of the acid diaphragms in acid solutions, as indicated 
by the data given on p. 327. 

In the case of adsorption on charcoal it is found that the 
organic ions are more strongly adsorbed than either hydrogen 
or hydroxyl. Whilst the other cations and anions are adsorbed 
to varying extents, the position of the ion in the electropositive 
series, the mobility and the valency appear to be the dominating 
influences. 

Freundlich (p. 365) gives the following values calculated from 
endosmotic rate experiments for the concentrations of various 
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Diaphragm 

Relative rate 



charge 

of endosmosc 

Basic diaphragms : 




S’eaOg 

TT..O 

r 

10-50 


0 (M1LV HCl 

1- 

(>7-00 


(HMK)l.V AKT, 

i 

103-00 


0(K)1 A NaOH 

-- 

UvOO 

ZnO 

HoO 

i 

0-31 


()(MH)2.VNaOH 


0-22 


nfMK)3xV NaOH 


0-1(3 


U <XK)4A NaOlI 


0-24 

Mg(OH), 

H 2 O 

}- 

0-(i4 


O-OOUtiiV NaOH 

1 

0-05 


0 02iVNaOU 

- 

i 0-lM) 

Acid diajdiragnis : 




Silica ... 

lU) 


0-(>3 


0 03 A' KNOt 


0-33 


0-47xV tOSIo'., 


0-12 

Tungstic acid 

HoO 

~ 

2-(U> 


0*045A‘H(U 

— 

1-12 


0-207xVHCI 

— 

0-28 


0-8A^ HCJ 

— 

0-00 


electrclytos necessary to produce an identical diminution in the 
double layer potential or ^ values. 


Conc'ontratiou in millininLs ])ef litre 


Electrolyte 

Oil- water inlerfacial 
potential reduced 
from 0-046 to 

0-037 volt 

Olass- water iiitcrfa,cin 1 
potential reduc;ed 
from 0-081) to 
0-039 volt 

KCl 

24 

25 

HaCT, 

0-450 

0-870 

AlCi; 

0-010 

0-020 

ThCh 

0-(M)5 

0-015 


In the case of acids the hydrogen ion is more strongly adsorbed 
than the anion, giving the diaphragm a positive charge. If how- 
ever the acid containing a feebly adsorbed anion, e.g. chloride 
ion, be replaced by one containing a more strongly adsorbablc 
anion, e.g. SO4", the double layer potential due to the difference 
in electrostatic charge will be diminished and the velocity of 
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electric endosmose reduced as is shown by the following data 
obtained by Perrin (loc. cit.) : 


Diaphragm 

Solution 

Diaphragm 

charge 

Relative 
rate of 
electric 
endosmose 



-1- 

100 



+ 

100 




1-5 


In some cases with a strongly adsorbed anion actual reversal 
of sign may take place, e.g. 


Diaphragm 

Solution 

Diaphragm 

charge 

Relative 
rate of 
electric 
end(xsmose 

CrCI., 

Dilute acid 

+ 

5*0 



-h 

0*2 


f ,.^K3Fe(C!N)„ 

- 

20 

MngOg 

Dilute alkali 

— 

40 


+ 500 

+ 

- 1-8 



--1- 

3*8 

Najdithalone 


+ 

3*9 



+ 

2*8 

1 



0-3 




2*9 



- 

60 

1 


— 

60 
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The attainment of a definite maximum for this transverse 
potential can readily be demonstrated in that a maximum rate 
of endosmotic flow is obtained on the addition of (electrolyte in 
increasing concentrations, a phejiomenon well marked in the case 
of naphthalene. 

10. Electric cataphoresis. 

Preliminary data on cataphoresis or the rate of migration of 
a charged particle through a solution under the influence of an 
applied potential difference were made by Quincke {loc. cil,) and 
Linder and Picton {J.C.S. Lxi. 07, 1887), whilst accurate 
measurements have been made by Burton {Phil. Mag. (>, xi. 
440, 1900; XII. 474, 1900), Ellis {Zeit. physikah (Uieiii. liXXvni, 
321, 1912), Powis {ibid. Lxxxix. 9J, 1915), Svedberg (Roll. Zeit. 
XXIV. 150, 1919), (.■ottem and Mouton {Ijes Ulttainicrosco}>es, 
ch. vji). The following development is given by Por ter {loc. cit.). 
for the influence of the double layer potential ^ and the physical 
constants on the velocity of migration. 



A particle is imagined to move with a unifiwm velocity v 
through a liquid under the influence of an impressed electro- 
motive force. 

If an equal opposite velocity to that of the partkde be im- 
pressed on the whole system the particle will be at rest whilst the 
liquid at a great distance will have a uniform motion v. Let the 
gradient of potential driving the current also be uniform at a 
great distance and equal to G, both v and G being parallel to x. 

At a great distance the potential wdll be given by — Gx, 
whereas near the particle additional ter jus will enter, due to the 
disturbance introduced by the presence of the particle. When 
the motion is slow it is irrotaf ional and can be derived from 
differentiation of a potential function </>; at a great distance 
0 = - Fx. 
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Assuming a slip (Lamb, loc, cit.) at the surface of the particle 
Uq i corresponding force due to friction on unit area 

is — , where jS is the coefficient of friction. 


(IV 

The force on the charge of the element is — g and for steady 
motion 


' (IS 


- <1 


(IV 
dS ' 


V 6 

This condition is satisfied if we take* ^ ^ everywhere. 


Hence 


also. 

V g 


But V is equal and opposite to the acitual velocity of the par- 

dV 

tide and G is the gradient of i)otential — in the undisturbed 

part of the field. Hence if c be the current per unit area in this 
part we obtain ^ ^jy q 

li'di' It’ 


and therefore 


(iRc 


The radial voltage at the particle ^ is g/capacity per unit area 
= g > , where 5 is the double layer thickness and g the charge 

per unit area of the particle. 

Also as before 

a ti 


, KRO ^ 

whence — o ^ -r-- Cj 

•±TT7) 

identical with the endosmotic equation but with reversed sign. 

On applying this equation to a small spherical particle of olive 
oil in an emulsion, McLewis {loc. cit. ; Zeit. Roll. iv. 211, 1909) 
found 5 = 0*05 volt. 

■NT T 
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If T be the radius of the particle and e the total charge then 


e AriTT^q or q = and ^ 


IttSc 

4:TTr-K 


Se 


the radius of the particle was found to be 4 . 10 c.nis., 8 was 
assumed equal to 5 . 10 ~^ ciiis., hence the total charge was 
4 . 10 “^ E.s.c. 


For colloidal platinum a somewhat smalhu’ value Wcas obtained 
for the total charge, viz. 8 . 10 ■'* E.s.r. 

It will be noted that in the derivation of the ti*ansvei‘so 
potential differeiice ^ the prodind, rje should be constant for the 
same system under uniform corulitions. A change in 77 can be 
produced most conveniently by alteration of the lenq^eratnrt'. 
Burton {Physical Properties of Colloidal Sohitions, p. 145 ) gives 
the following data for colloidal silver solutions in sn])port of thc‘ 
validity of the equation. 


"C. 

V ^ JO*-' 

77 . 10' 

10’ 

3 

15J 

l()-2l 

24-5 

91) 

18(> 

13-30 

24-7 

11 

191) 

12-82 

25-1 

21 

25-5 

9-92 

25-0 

31 

3(M 

7-!)7 

24-0 

40*5 

37-2 

0-577 

24-5 


Burton has likewise investigated the effect of the medium on 
the mobility and on the transverse potential fall, since these 
should be dependent both on the viscosity and on the specific 
inductive capacity; as typical of the results obtained the fol- 
lowing may be cited : 


Suspension 

Water 

Methyl 

alcohol 

Ethyl 

alcohol 

Ethyl 

inakuiatc 

S.T.C. 80 

33 

25-K 

10-6 

Platinum 

Gold ... 

Lead . . . 

1 

X 10 ^ 20-3 

i - 0-031 
\v X 105 21-6 
0-033 

\v X 105 12-0 
^ + 0-018 

22-0 
j- 0-044 

' 4-5 

f 0-023 

2-3 

~ 0-054 

1-7 

- 0-033 
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In the following table are inserted a few typical values for the 
mobility in cms. per sec. per volt per cm. (v) and the transverse 
potential fall ^ for various particles in aqueous solution. 


Substance 

o 

X 


Hydrocarbon oil... 

- 43 0 

- 0-060 

Aniline ... 

3M 

- 0-043 

Chloroform 

- 100 

- 0-014 

Lycopodium 

- 25 0 

- 0-035 

Prussian blue 

- 40 0 

0-056 

Gold 

21(> 

- 0-030 

Silver 

- 23-6 

0-033 

Globulin in NaOH 

-1 7-7 

1 0-100 


- 18 5 

- 0-026 

Lead 

H 12-0 

-f 0-017 

Arsenious siilphi<le 

1 

~ 220 

- 0-031 


11. Electrification at gas-liquid interfaces. 

In the first chapter we noted that according to Sir W. Hardy 
the molecular electric held around complex molecules was n©t 
symmetrical and, as a result of this asymmetry, molecular 
orientation at the gas-liquid interface was obtained. Langmuir 
identihed the asymmetrical parts of the molecular held with 
specihe chemical groups in the molecule, the “polar” heads 
possessing large helds. The constitutive character of the mole- 
cular electric moment determined from dielectric constant data 
demonstrated especially by Debye {Polar Molecules) conhrms 
this conclusion. 1"hc existence of electrical forces at gas-liquid 
interfaces is shown in the ballo-electric phenomena investigated 
by Lenard {Wied. Ann. xlvi. 584, 1892) who found that a 
stream of atomised water when allowed to impinge on an in- 
sulated metal Y)late imparted a charge to the plate, leaving a 
negative charge in the surrounding vapour. More precise 
evidence in this direction was presented by McTaggart {Phil. 
Mag. xxvii. 297, 1914; xxviii. 367, 1914) and Alty {Proc. Roy. 
Soc. A, cvi. 316, 1924; cx. 178, 1926; cxii. 235, 1926; cxxii. 623, 
1929) who showed that gas bubbles underwent electric cata- 
phoresis in water usually towards the anode, thus proving the 
existence of an electrokinetic potential at the gas-water inter- 
face. In pure water the bubble is very near the isoelectric point 
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but in the presence of small quantities of salts tlie bubble surface 
becomes negatively charged, leaving a positive charge iii the 
mobile double laye'r in the water, indicating that even in eases 
of negative adsorption (Ch. ii) there is still a selective adsorption 
of anions at the air-liquid interface. The addition of acids as well 
as of multivalent cations such as lanthanum and thoi’ium lowers 
and finally reverses the elecdrokinetic potential. It was noted 
that aliphatic alcohols, strongly adsorbed at the air-waf er inter- 
face, diminished the rate of migration considerably. 

McTaggart observed a curious effect when a bubble undt^rwent 
cataphoresis in water not saturated with gas. If the bubble was 
negatively charged it moved more slowdy as it became smaller, 
passed through the isoelectric point and finally reversed its sign. 
A trace of a capillary active substance present in the waiter, the 
surface concentration of wdiich becomes greater as the bubble 
size diminishes, might effect this result. 

McBain and Peaker {Proc. Roy. Soc. A, exxv. 394, 1929) have 
shown that the conductivity of tlie w^ater in (*ont,act with a film 
of stearic acid oil tlie surface is greater than the (conductivity of 
the bulk solution ; it is how ever impossible to evaluate the electro- 
kinetic potential from such data alone. 

In addition to the electrokinetic potential at air-liquid inter- 
face's there exists a y)hase boundary yxitential and valuable in- 
formation on mole(cular orientation and structure has been 
obtained by observing the change in phase boundary potentials 
on adding capillary active substances to the acjueous phase. The 
method developed by Ilichat and Blondlot (»/. dc Phyfiique, (2) 
II. 548, 1883) and Kenrick {Zeit. phymkal . Cheni. xix. 025, 1890) 
consisted in measuring the e.m.f. of a cell of the type 

HgHgaCb^^-KCl Solution | Air Solution «-KCl HggCJo Hg 
A I gap B 

but the experimental technique was greatly improved by Guyot 
{C.R. CLix. 307, 1914; Ann. d. Phys. X. 2501, 1924) and by 
Frumkin {Zeit. pliysikal. Chein. cux. 34, 1924; ccxi. 190, 1924; 
cxv. 190, 485, 1925). 

The earlier experimental methods consisted essentially in 
measuring the difference of potential betw^een a jet of liquid 
flowing down the axis of a vertical tube and a licyuid film flowing 



334 


DIFFERENCES OF POTENTIAL AT INTERFACES 


down the inner wall of the tube. The natural ionisation of the air 
was relied upon to impart sufficient conductivity to the air gap 
so as to permit of the measurement by means of a sensitive quad- 
rant electrometer of the potential differences between calomel 
electrodes connected to the two liquids. In Guyot’s and 
Frumkin’s experiments the flowing jet of reference liquid was 
replaced by a small platinum wire, coated with a radioactive salt 
such as the oxide of ionium, polonium or even uranium. This 
electrode was separated by a small air gap from the liquid con- 
tained in a well -insulated glass trough. The other electrode 
consisted of a calomel half -cell immersed in tlie liquid and the 
potential difference established was measured with the aid of a 
])otentiometer and quadrant or Lindeniann type electrometer. 

The trough is first filled with the reference liquid, 0*01 iV H 2 SO.J 
or O'OIN HCl being frequently employed, and is then replaced 
by the solution to be investigated or covered with a imimolecailar 
film from a volatile solvent if non -soluble film forming materials 
are under examination. Hie difference of potential obtained 
Vf — = AV may be regarded as the modification of electric 

potential at the interface produced by the adsorbed solute or 
the film. It clearly gives no definite indication of the absolute 
potential differeiKje to be expected. 

Further if each adsorbed molecule be regarded as contributing 
an integrated electric moment the value of the vertical com- 
ponent of which is this may be determined from a knowledge 
of AV and the surfac^e concentration n with the aid of the 


Helmholtz equation 


AV = ^TTllfL 


( 1 )- 


When capillary active soluble substances are employed and due 
corrections made for any change in potential difference at the 
calomel solution interface we may combine this equation with 


that of Gibbs 



whence 


AVdfju AVE T f If c 

^rrrda 477 (/c) da 


The relationship between A V and n for a number of capillary 
active soluble organic substances has been investigated by 
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Fruiiikin who showed that to a first approximation at any rate 
the value of AF^ obtained for a given surface concentration at 
constant temperature was, in tJie case of homologous series 
such as the acids, independent of the eliain length; a few data 
are given in the following table: 


Acid 

niols/litro 

JITV 

AT 

millivolts 

71- Butyric 

0-75S 

12 3r> 

:un 

7?-Valeri(! 

01,32 

12-4r, 


?i-C^a|jroic‘ 

0-1 U5 

12-tiO 

353 


From the data it is possible to calculate tJie value of fi, the 
vertical component of the integrated resultant electric moment 
of the double layer brought into existeiu'c by the molecule on 
the surface. For the butyric acid solution above AF ^ 34h milli- 
volts 1-10 . 10“^ E.s.ij. and from the value of F, 47ru is found 
to be 3*79 . 10^^. Whence jul ^ 3*05 . 10“^**^ E.s.r. If this 
effective inonieiit be imagined as caused by a double layer of 
thickness 8 then /x cS, since e 4*77 . 10~'*‘. Thus we obtain 
a value for 8 = 0*00 A. in close agreement with ttie values 
obtained by Gouy for the double layer thickness of capillary 
active substances at a water-mercury interface. Tk^rforming a 
similar calculation for alcohol molecules we obtain 8 ()-()4S A. 

It is important to enquires how far we can identify p obtained 
with the aid of the Helmholtz equation from A T with the effects 
due to a discrete molecule. 

On this point definite experimental evidence is not conclusive ; 
we may note that if the adsorbed molecule behaved as a sim))k‘ 
dipole in thermal equilibrium on the surface the value of /x 
would be dependent on f lic inclination of tlie dipole; thus if the 
real dipole value were /Z we would obtain for a molecule with 
the dipole axis inclined at an angle 6 to the normal 
A r = 47T?i/i cos 0. 

If this angle of inclination be governed entirely by electrical 
forces of orientation and the thermal agitation we may replace 

cos 0 by the Lange vin function L (.r) = coth ^ ^ > where 
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X = (Debye, Handbucli der Radiologie, p. 617). No in- 

vestigations have as yet been made on the effects of temperaturti 
on surfaces with gaseous films, and in the case of long chain 
fatty acids there are factors of orientation other than these to 
be considered. 

Again we may note that in the case of a fatty acid molecule 
floating on the surface of water, say dilute HCl 

CH3 

c^. 


+ c 

^ \ 

- OHO - 
Cl- 
H + 

the effective double layer cannot be regarded as due to a siTn})le 
dipole. The carboxylic head in the water does not present a 
simple dipole system and, as we shall see, under the carboxylic* 
head there is a contribution to the electric mc:)ment by the ions 
of the electrolyte adsorbed from the bulk phase. Whilst the 
contributions from the polar head may be said to be definitely 
associated with the particular molecule we shall note that the 
contribution from the ionic layer underneath, at least in solid 
and liquid films, appears to be constant for a particular state of 
the film and not dependent on the closeness of packing. The 
contribution to the total of ft by the portion of the molecule 
immersed in the water must evidently be very different from that 
for a polar head in vacuo or surrounded by a non-polar environ- 
ment, although as observed by Frumkin and Williams {Proc. 
Nat. Acad. Sci. xv. 400, 1925) a close parallelism exists between 
the values of the electric moments determined by Debye’s 
method {Polar Molecules) for substances and the smaller values 
obtained for ft when a molecule is orientated by immersion of its 
polar head in the surface of water. 

Whilst the disposition of electric charge around such mole- 
cules is evidently complex it is further complicated by the fact 
that the molecules may be in close proximity to one another. As 
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the nearness of approac3h increases two effects may be produced ; 
the molecules may be distorted or inclined at a different angle 
to the surface which may cause a change in the ^ value which 
is the algebraic sum of the vertical component of the partial 
moments and there may be effects due to mutual induction 
causing polarisation and a decrease in the value of fx. 

For capillary-active soluble substances in the gaseous or 
vaporous states where the second factor rather than the first is 
likely to be more important the evidence for a change in effective 
moment with change in the surface concentration is incon- 
clusive. Measurements have been made by Frumkin but the 
experimental errors in measurement at low concentrations as 
well as errors introduced by utilisation of v. Szyszkowski's 
equation (p. 67) do not permit of a definite decision. Some of 
his values are given below. 


c 

mols/litro 

AF 

millivolts 

r . lo^^ 

— ' V 10- 

r 


Anilin€^ 


(HU 56 

120 

0-30 

40 

()()312 

29-0 

0-84 

34 

0-0625 

97-0 

2-5 

39 

0-25 

140-0 

5-2 

27 


Butyric acid 


0-0061 

22-5 

0-58 

38 

0-0153 

61-0 

1 -25 

49 

0-0306 

119-5 

2-04 

59 

0-0574 

177-5 

2-77 

64 

0-076 

213-0 

3-25 

66 

0-163 

285-0 

4-14 

69 

0-758 

349-0 

5-12 

69 


y>-Cresol 


0 0006 

0-0 

0-05 

0 

(H)012 

l-O 

0-11 

9 

0-0023 

5-0 

0-23 

22 

0-0047 

14-0 

0-58 

24 

0-0094 

53-0 

1-52 

35 

0-0187 

155-0 

3-97 

39 

0-0375 

224-0 

5 13 

1 44 

0-075 

258-0 

5-52 

1 


For more concentrated solutions the proportionality between 
AF and F is found to be more exact. 
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In the case of insoluble substances Fruinkin has measured the 
maximal values of A K, i.e. AF^ obtained on placing an excess of 
the material on the surface, the condition of the film is then 
naturally that in equilibrium with the crystal or lens (Ch. rv) 
and as we have already noted may vary from substance to 
substance, i.e. the film may be in the vaporous, expanded or 
condensed state and the equilibrium lens or crystal pressure i.s 
greatly affected by the nature of the substrate. 

Guyot (loc. cit.) determined the potential differences ff>r 
myristic and palmitic acids at 18° C. and for palmitic acnd at 
33° C. From the data of Labrouste on the molecular areas lie 
obtained values for p, — 2*09 . 10~^-* e.s.u. for both films which 
must have been in the expanded state, whilst the expansion of 
Labrouste (seep. 101) was clearly observed. From the potential 
changes a slightly different value for a condensed film of 
/X— 2*24 . 10”^^ E.s.u. was obtained, he attributed tliis difference 
to experimental error. 

A careful examination of the AF surface concentration curves 
for myristic and palmitic acids on various solutions in a modified 
I.iangmuir trough permitting of compression and expansion of 
the film has been made by Schulman, who showed that definite 
changes in the value of fju were associated with changes in state 
of the film and that there existed under the film an electric 
double layer formed by the attraction of the ions in solution to 
the polar surface of the film. In the liquid condensed state, 
which we have seen is probably the most stable configuration 

N 

for freely tilting long-chain molecules, myristic acid on — KCl 

possesses at all stages of compression a constant fx value of 
1*46 . 10“^^ E.s.u. , likewise in the expanded or liquid state the 
moment is constant and equal to 2*70 . 10 E.s.u., although 
this value is reduced by 0-37 . 10“^® e.s.u. per molecule by the 
double layer of chlorine and hydrogen ions adsorbed beneath 
the surface. A sharp rise in the value of fx is observed on com- 
pression of a solid condensed film and likewise in the transition 
to the vaporous state there occurs a similar rise. At the moment 
when vaporisation is just commencing the value of fx rises to 
/x== 3*7 . 10“^® E.s.u., in good agreement with that calculated from 
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Frumkin’s data, viz. /x = 3-05 . l0-i» e.s.u. for closely i^acked 
vaporous films of the lower fiitty acids. Indications were ob- 
tained of the existence of two types of the vaporous films of 
long-chain fatty acids consisting of films in which the mole- 
cules are inclined and extended horizontally on the surface, the 
former possessing a large moment. 

From the slope of the AT, // curves Sclmlman was able to 
evaluate the contribution of the ionic doiiblt' layer underneath 
the film to the total interj)hase ])ott‘ntial. Some of his results 
are given in the following table in which is tlie tru(‘ moment 
of the fatty acid molecule and /x the a]){)arent moment. One 
notices that the contribution of th(‘ double layer may be 
positive or negative. 


Acid 

State of film 

Vii 

ixiiu. iJfiLurt* 

of buffer 

fh- 

PLS.T7. 

K.s.n. 10 

Mvristic 

Expanded 

2 

Xlm) HCl 

2-70 

2 32 

Palmitic 

Liquid condensed 

2 

iV/KK) llCl 

I -50 

2 ’50 


,, 

r)() 

Citrat<‘ 

14G 

2-06 



G-O 


j 1-4G 

1-8G 



GG 


1-4G 

1-71 


1 

— 

Water 

14G 

1-4G 


! 

G-4 

Borate j 

lUi 

1-30 


It is interesting to compare the values of /x obtained in 
tliis way, viz. a maximum of /lx = 3-7 . 10~^® e.s.u., with those 
derived by other means. From a somewhat empiric standpoint 
a value of /a = 20 . 10“^’* e.s.u. is obtained from the refractive 
index (Gans, Ann. de Phys. LXiv. 481, 1921 ; vSrnyth, Phil. May. 
XLV. 849, 1923 ; J.A.C.S. XLVi. 2153, 1 924). Whilst existing data 
on the temperature coefficient of the dielectric constants of 
organic acids either in the state of attenuated non-assocaated 
vapours or in solution in non-polar solvents are insufficient to 
evaluate /x, for the aromatic acids the contribution of the 
— COOH group to the molecular electric moment appears to be 
9*0 . 10“^® E.s.u, (Debye, Dijxdmoinent und cJiemische Struktur, 
Herzel, 1929, p. 30). 

Still a third approximate method of computation is available 



340 


DIFFERENCES OF POTENTIAL AT INTERFACES 


from a consideration of the equation of state of the film. This 
was shown in Ch. iii to be 

F (A- B) = iRT, 

where \ represents the lateral molecular cohesion. If this 


adhesion be purely electrical in origin and equal to ip we may 
write as the equation of state 

F (A - B) = RT - 0, 


whence 


RT 


If the mean potential energy of a molecule in the film be 
approximately ^^3 = (see p. 806 and Tamamushi, Bull. 

Soc. Chem. Japan, xi. 300, 1927), then we obtain 


1 - i 


9/xM^ 

2kT 


Rideal and Schofield obtained values of i ranging from 0*73 
for butyric acid to 0*21 for myristic acid. It is clear that 
this simple assumption of the constancy of the ratio of poten- 
tial to kinetic energy in all states of the film cannot be regarded 
as correct, but assuming its applicability to the commencement 
of the expanded or liquid state of the film, i.e. atca. r= 5 A., we 
obtain for a value of hT — 4 . 10 “^^ ergs the following values. 


Acid 

1 - i 

r in A. 

fJL E.S.TJ. 

X 10i» 

71- Butyric 

0-27 

50 

5-4 

Valeric 

0-37 

99 

6-3 

Caproic 

0-57 

99 

7*9 

Caprylic 

0'54 

99 

7-7 

Capri c? 

0-65 

99 

8-4 

Laurie i 

0*77 


91 

Myristic 

0-79 


9-3 


These values are in fair agreement with, those obtained by 
the methods indicated above. 

The experimental data do not permit of a decision as to how 
far the difference between the maximum value of /n, viz. 
3*7 . E.S.U., obtained by the method of surface potentials 
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and that obtained from the dielectric constant, viz. 9-0 . 10-^* 
E.S.U., can be ascribed to the fact that in the method of surface 
potentials only the resolved component of the electric moment 
is measured and this whilst attaining a maximum value at 
certain compressions may be restrained by molecular orienta- 
tion due to adhesional forces from attaining tlie maximum 
possible value. The other factor to be considered is the possible 
mutual polarisation of the carboxylic group with the water 
molecules in the substrate. That the effects of the moment of 
the carboxylic group are detectable at some distance in the 
interior of the liquid was shown by Schulman who measured the 
contribution of the ionic double layer brought into existence by 
the attraction of the dipoles for the ions in the solution. The 
magnitude of this double layer was found to be dependent on 
the state of the film and not on the extent of the molecular 
packing in the film and would in certain cases, e.g. on capillary 
active citrate buffers, approach quite large values equivalent to 
nearly half the moment contributed by the molecule in the film . 

The sign as well as the magnitude of the change in the air- 
liquid P.D, on the addition of a capillary active solute provides 
interesting information on the surface arrangement of the active 
or polar group. 

Water is probably feebly polar and may be imagined to 

orientate itself in the form 

O O 

H H H H 1 

Introduction of a chlorine atom into tlie organic radical re- 
duces according to Frumkin the positive charge and may actually 
produce a negative value ; thus we obtain 


CJompound 

in m.v. 

- - 

Acetic acid ... 

t 285 

MontJcliloracetic acid 

- 150 

Dichkjracetic acid 

- 280 

Trichloracetic acid 

1 - 600 

Alcohol 

1 -(- 380 

Ethylene monochlor hydrin 

1 - 30 

Ethyl acetate 

-f 610 

Ethyl monochlor acetate ... j 

+ 410 
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Evidently the alteration of the A values with introduction of 
chlorines cannot be attributed to its effect on the alteration of 
the strengths of the substituted acetic acids, for alcohols and 
esters exhibit similar changes. In order to examine the moment 
of the C — Cl union, some idea of the nature of its orientation at 
a water-air interface must be obtained. 

Frumkin has obtained the following data for the effect of 
normal solutions of the following salts on the surface tension of 
water : 


Salt 

Aa 


Na acetate ... ... | 

4 0-4 


Na moncxihlor acetate 

} 01 


Na diehlor acetate ... 

~ 1-0 


Na trichlor acetate ... 

- 7*2 


Surface adsorption thus increases with the introduction of 
chlorine atoms or energy is required to j)ull a chlorine atom from 
the surface to the interior. 

We may conclude that trichlor acetic acid is orientated as 
follows : 

Cl 

Cl Cl - 

C + 

C 

{O H O} - 

That the chlorine is negative respective to the carbon may be 
shown in the case of chloroform, but both methyl iodide and 
ethyl iodide were found to be too insoluble and volatile to give 
any definite values. 

The iodo and brom acetic acids gave similar results to the chlor 
derivatives. 

The value of for triethylamine (AF^ = + 630 m.v.) 

appears to be identical with that for ammonia and the various 
substituted ammonias; substitution thus appears to exert no 
effect on the moment of this molecule. 

Thus we may depict its orientation as follows : 
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Rlilt 

RRR 


wy 

H 1- 

R 

OH- 

OH- 


where R may be an alkyl group or a hydrogen. 

The potential is raised for compounds of the type OH 
which may be represented as indicated above. 

The preferential adsorption of ions at a Ixuizeue- water inter- 
face has been shown by Deuitsch (Zeit. physlkal. (^hem rxxxvi. 
353, 1028) (see also Thiel, Zeit. Elelctrochein. xxxv. 1020) 

by shaking up indicators witlj benzene and butTered aqueous 
solutions; variations of the order of — 1 were observed by 
the difference of indicator colour at the interface. 

Electrolytes. 

With the exception of the alkaline hydroxides NaOH, KOH 
and possibly the fitiorides KF, NaF, the direction of the e.m.f. 
indi(‘.ates that all monovalent anions are repelled from the fro<‘ 
surface of waters less than the cations U*, Na*, K’, (\s*. Divalent 
ions show on the other hand only slight differences. As has 
already been noted tlie fact that the surface ttmsion of water is 
raised by the addition of salts indicates tha-t repulsion of t he salt 
as a wliole from the surface must take place. 

According to Frumkin {Koll. Zeit. xn. 9, 1920) the behaviour 
of the cations Li’, Na’, K’, (\s’ is almost identical; the specific 
differences appear to lie in the nature of the anions. At the same 
c on centr cations these cause e.m.f.’s in the order 

CNS' > CIO/ > T' > MnO/ > NO/ > 

BrOg' > (.^N' > Cl' > OH', F' ; 

thus the extent to whicli the anions are repelled from the surface 
decreases as we pass from right to left in tliis series. In agree- 
ment with this it is found that the extent- to which potassium 
salts at normal concentrations raise t he surface tension of water 
halls as we pass from KF to KBr in the manner shown on p. 344. 
In the case of KC-NS the surface tension is actually lowered so 
that the CNS' is apparently actually attracted to the free surface, 
in agreement with the observation on the large electromotive 
force. 
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Salt 

A a for normal 
concentration 

KF 

1-83 

KCl 

1-46 

KNO 3 

112 

KBr 

106 


The general distribution of ions on the free surface may be 
represented as — _ 

Cl Cl 

-1 + 

K K 

the free surface possessing a net negative charge. 

The monobasic acids all show a more marked e.m.f. than the 
corresponding salts. They also lower the surface tension of water. 
The anions appear therefore to approach nearer to the surface in 
the presence of H’ ions than K* ions. In KOH the e.m.f. is 
reversed, the K‘ being less repelled from the surface than the 
OH'. Ammonium salts behave like potassium salts except that 
ammonia is quite different from the other bases, giving a strong 
reversed e.m.f. and lowering the surface tension of water like an 
organic compound. 

It may be noted that similar lyotropic series for the anions 
have been observed at other interfaces in addition to the air- 
water interface. Beutner’s series (see p. 364) for the oil -water 
interface adsorption is 

CNS' > I' > NO 3 ', Br' > Cr > SO 4 ", 
and Gouy (see p. 314) obtained for the adsorption at a neutral 
mercury surface the order 

HS' > I' > CNS' > CN' > Br' > NO3' > Cl' > OH'. 

Ions such as S", HS', I' and CN' are probably somewhat dis- 
placed owing to the “chemical” attraction they exert for 
mercury. 

12. Electrification at liquid-liquid interfaces. 

Dijfuaion potentials. 

In a cell of the type 


M \ MX MX M 
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we note that the total electromotive force of the cell is the 
algebraic sum of three potential differences or 
F= l\+ \\+ V^. 

The two electrode potentials and are according to tlie 

Nernst conception of electrol 3 rtic solution pressure given by 1 lie 

expression p 

I 1 ^ log 

nF ' y,c, 

where /jCi is the activity of the ?i-valent M ion in the first 
electrolyte, and p 

^ log/ , 


+ F; 


HT , )\,c. 


Since the observed electromotive force of the ccW is 

[' 2 = V log 

^ nF ^ JiCi 

The diffusion potential Fg can be c;alculated in the following 
manner due to Nernst (Zeit. physikal. Chem. 11 . Oil, 1888; iv. 
129 , 1889 ): 

X' X' 

L\ C« 

If we imagine that F coulombs of electricity be transported 
across a boundary separating two solutions of a monovalent 
electrolyte MX of concentrations and Cg, the electrical work 
performed will be V 2 F, where Fg is the difference of pot^ential 
between the two solutions. 

A fraction — - - , where a is the mobility of the cation and v 
the mobility of the anion, of the total current is carried by the 
cation and a fraction — ^ — by the anion . i he fraction o 

U "t" ^ 

cation is transported from a solution of concentration to that 
of Co, whilst the fraction — ; — ts transported in the opposite 

direction. The net osmotic work that must be performed by the 
transportation of cation and anion in this manner is thus 

RT - -- log - RT log , 
u+v Ac, 
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or 


log 

U+V ^ /iCi 


The electrical work and osmotic work both performed in 
a perfectly reversible manner are equal, thus 

V,F= BT^ — log 

n-y V ® fill 


RT^ 
F u 


-log 


For large values of the difference between the mobility of the 
cation and that of the anion, the diffusion potential will by 
no means be negligible. Both hydrogen and hydroxyl ions 
possess exceptionally large mobilities in aqueous solution and 
thus diffusion potentials between solutions of different concen- 
trations of both acids and alkalis may assume large values as 
indicated by the following data for the values of V 2 between 
solutions of electrolytes of coiicentration ratios 10 : 1. 


Electrolyte millivolts 


BCl ... 318-0 

NaOH 43-55 

KCl ... 64-67 

NH4N()3 64-0 


65 4 -t 37-8 

174-0 - 34-6 

65-44 - 0-4 

61-78 + 1-1 


It will be noted that liquid junction diffusion potentials can 
be eliminated almost completely by ensuring that the bulk of 
the current is carried by cations and anions possessing equal 
mobilities, e.g. KCl or NH4NO3. Thus by inserting a saturated 
solution of either of these salts between any other pair of solu- 
tions forming a junction, the liquid junction potential can be 
greatly reduced. 

The more general problem of the magnitude of the liquid 

junction existing between the following types of ionic solutions 

M-c^ M’c^ M’ N- M- N- 

X\ Y'c2 X' X' X' Y' 

has been investigated by Planck (Wied, Ann. xl. 661, 1890), 
Johnson (Ann. der Physik, xiv. 995, 1904), G. N. Lewis (J .A,C.S^ 
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XXXI. 363, 1907), Henderson (Zeit. physikal. Chem. lAX. 118, 
1907; LXiii. 325, 1908) and Bjernini (Zeit. f. EleHrochem. xvii. 
391, 1911). 

If the two electrolytes of concentration and are mono- 
valent and the ionic mobilities and lu. '2 respectively, then 


BT 

F 


log 


where ^ is defined by the relationship 


$€>^*2 1 1 


log^,^ log^ 
log'; i- log I 

< 1 


In those teases where we find f 


^ ^ , and since the 

^2 i f '2 

conductivities of solutions are proportional to the ionic mobilitit\s 
at dilutions of equal dissociation, we find for strong and equally 
dissociated electrolytes the following: 


N7\ IIT . A. 


FT . A, 
F "^A.. ■ 


F ' Cg 

As an indication of the magnitudes of sucli diffusion potentials 
the following values may be given: 



1 

1 0 in 

Electrolyte j uiiction 

millivHiltR 

HCl 

KC\ 

2() S 

NaOH j 

NaCI 

- 17;} 

NaCI 

KCl 

4-4 

NH4NO3 

K(’l 

! 

n<> 


It is clear that in junctions which arc sharp and well defined, 
the transport from one liquid to anotlior will take place by means 
of only one kind of cation and one anion, but where the junctions 
are diffuse and a relatively gradual conversion from one pure 
electrolyte to the other occurs, the transport ratio will be 
fluctuating from one extreme value to the other and the above 
equation of Planck developed on the assumption of a sharp 
and well-defined boundary will not be rigid. Henderson and 
Gumming (loe. cit.) have investigated this second type of boun- 
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dary. For two monovalent electrolytes of concentrations and 
C 2 and ionic mobilities 2 ^ 1 , and U 2 , v^, Henderson’s equation 
reduces to the following: 

y ^ ^ (MiCi - - (M j jCz - v^c ^) j «i C, + v-^Cj 

^ ' F (Ml Cl + MjCi) -- (M2C2 + MjCj) ® M2C2 + M2C2 ’ 

which undergoes still further simplification when = Cg , 

Y = (*^1 ^^1) ('^^2 '^^2) p 

F 4- Vi) — (U2 + V2) ^ U2 + V2 

or V, = fr— - fa - log . 

t (u^ — U2) + (Vi — ?? 2 ) + ^’2 

This equation is evidently identical with that of Planck only 
when % — U 2 or v^ = V 2 , i-c. the two electrolytes contain a 
common or an equimobile ion. 

Diffusion or liquid junctions are thus not clearly defined since 
the potential difference is dependent on the sharpness of the 
junction. Uniformly sharp junctions have been obtained by 
Lamb and Larson (J.A.C.S. xlii. 229, 1920) by allowing one 
liquid to flow against the other, whilst Bjerrum {Zeit, f. Elektro- 
chem. Liii. 428, 1905) has obtained a relatively diffuse junction 
by the insertion of a sand diaphragm between the two electro- 
lytes. 

Membrane potentials. 

When an interfacial film increases in thickness until it 
acquires the characteristics of a bulk phase it may under certain 
circumstances behave as a membrane, possessing more or less 
selective permeability for the different constituents of the two 
homogeneous phases on each side. We may distinguish at least 
two types of membranes, one in which the selective permeability 
is attributable to a sieve-like structure permitting the passage 
of certain constituents only, through holes or interfibrillar canals, 
the other in which the membrane bulk phase is homogeneous 
and its selective permeability is attributable to different solu- 
bilities in the membrane material of the different constituents 
of the bulk phases. 

When the homogeneous phases on each side contain electro- 
lytes insertion of membranes of either type between the phases 
may modify profoundly the normal diffusion potential. 
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Molecular sieve membranes. 

The modification of the normal diffusion potential produced 
by the introduction of a membrane of the Tuolccular sieve type 
is due to an alteration of the velocities of the single ions diffusing 
across or through the membrane. If the ion be sufficiently large, 
e.g. a protein ion or an anion of congo red, the membrane Avill be 
impermeable to it; this limiting case, investigated by Donnau, 
will be dealt with in detail later. 

The relative modification of the ionic velocities can be calcu- 
lated with the aid of the equation 

u + V nh ^ 

from the observed potential difference and that of the true 
diffusion potential. Thus Prideaiix (Prideaux and Crookes, Trans, 
Farad. Soc. xx. 37, 1924) found that the liquid jimction poten- 
tials between solutions of sodium benzoate and salicylate at 
different concentrations were enhanced by the interposition of a 
parchment membrane, duo to a relative decrease of the anionic 
velocity in the membrane to 0*74 for the benzoate and 0*66 for 
the salicylate ions of their respective values in aqueous solution. 

The cause of the anionic retardation is not purely mechanical 
since the ion retarded is that which is preferentially adsorbed by 
the material of the membrane, a rule true irrespective of the size 
of the ion. Prideaux (Trans. Farad. Soc. Dec. 1928) observed 
that with parchment membranes which acquire a negative 
charge in solution the slow moving anions in sodium benzoate 
and phenyl acetate were retarded and the concentration po- 
tential raised, but with piperidine hydrochloride in which the 
cation is least mobile the anion is again retarded and the con- 
centration potential this time is lowered. 

The normal process of diffusion of anion and cation together 
can be pictured as being modified in the membrane by the for- 
mation of a Helmholtz or Stern type of double layer on the walls 
of the capillaries through which diffusion is taking place. The 
layer of solution adjacent to the walls contains a preponderance 
of ions of one kind moving with a reduced velocity. 

The most exhaustive study of the effects on diffusion and 
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diffusion potentials which a membrane can produce has been 
made by Michaelis and his co-workers (J. Gen, Physiol. 1926 and 
onwards; Coll. Symp. Monograph, v. 1927; Bull. Nat. Research 
Council, No. 69) with membranes of collodion films. 

Such fine sieve membranes as used by Michaelis are only slightly 
permeable and the relative diffusion coefficients of organic com- 
pounds through them follow the same order as in free diffusion, 
but decrease much more rapidly with increasing molecular 
weight as exemplified in the following table : 



Relative eoelficient 
of diffusion 
in membrane 

Relative 

molecular v eight 

Methyl alcohol 

9-2 

0-53 

Ethyl alcohol ... 

30 

0-77 

Propyl alcohol 

1-0 

J-00 

Butyl alcohol ... 

0-8 

1-23 

Glycerin 

0-22 

1-53 

Chloral hydrate 

Oil 

2-75 

Monochlorhydrin 

0-067 

1-84 

Chicoae ... | 

OCR) 

3-3 


Collodion is unaffected by dilute acids and salts and, except 
in the presence of positively charged dyes, multivalent cations 
and high hydrogen ion concentrations, it carries a high negative 
charge. The anions are consequently strongly adsorbed and as a 
result the diffusion of salts such as potassium chloride across the 
membrane into pure water is too slow to be measured, since the 
potassium ions are bound electrostatically to the strongly 
adsorbed chlorine ions. If however the water be replaced by 
sodium nitrate exchange of cations across the membrane can 
occur and a measurable diffusion takes place; the proportion of 
K to Cr diffusing is as 10 : 1, whereas with a normally permeable 
large pore collodion membrane the ions diffuse in equal pro- 
portions. 

Michaelis employed as a standard measure of the membrane 
permeability the characteristic concentration potential (the 
c.o.P.) of the cell 


^^KCl Membrane KCl. 



ELECTRIFICATION AT LIQUID -LIQUID INTERFACES 

The maximum value of the potential corresponding to zero 
anionic mobility is given by 
RT c 

E ^ ^ log 55 millivolts at 1 5 ' ( ’. 

nF 

In confirmation of this Arabic obtained with K(^l Michaelis 
found that salts containing other univalent cations hichiding tlie 
hydrogen ion gave values for the c.o.r. of from 45- 55 m.v. 
irrespective of the nature of anions. 

It is intc^resting to note that the membrane potential for a 
given concentration ratio varies over the range of concent l at ion 
employed, approaching its theoreti('al value as dilution pr()(!eeds. 
If the transport number of the anions are ealciilated fnmi t he 
E.M.F. measurements using the equation 

_ 0..-, - at 

2 58 . ; 

we obtain for KC'l the following curve. 



It is clear that the transport number for an ion within the 
membrane varies much more with the concentration than it does 
in free aqueous solution and that the decrtjasiiig mobility of the 
anion with decreasing concentration is paralleled by the in- 
creased relative adsorption of the ions by the collodion as the 
dilution proceeds. Michaelis has obtained a fair confirmation of 
these values for the transport numbers by application of 
Hittorf’s direct method of measurement. 

In support of this mechanism of niembrane^^ potential 

Michaelis has measured the e.m.f.’s of two series of solutions 
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in one of which each pair has a cation in common and in the 
other an anion. In the former case the potentials were negligible, 
in the latter considerable and differed greatly from the ordinary 
diffusion potentials. The potential differences are thus due only 
to the difference between the mobilities of the opposed cations 
and the relative mobilities of the cations in the membrane and 
in free aqueous solution. 

Mond and Hoffmann {Pfliig. Archiv, ccxx. 194, 1928) have 
extended Michaelis’ technique to the study of collodion mem- 
brane dyed with Rhodamin B which ensures the preferential 
adsorption of cations on the walls. The contrast between the 
relative cationic mobilities in the undyed negatively charged 
membrane and the relative anionic mobilities in the positively 
charged dyed membrane and the ionic mobilities in solution are 
shown in the following table : 


Negative membrane 

Michaelis 

Positive membrane 

Mond and Hoffmann 

Cation 

« in 

membrane 

u in 
water 

Water of 
hydration 

Anion 

V in 

membrane 

V in 
water 

Li 

0-048 

0-52 

15 

SCN 

10-8 

0-86 

Na 

014 

0-65 

9 

NO 3 

7-67 

0-94 

K 

1-0 

1-0 

5 

1 

3-54 

1-01 

Rb 

2-8 

1-04 

3 

Br 

2-21 

1-025 

H 

42-5 

4-9 

1 

Cl 

1-0 

1-0 




1 

Ac 

0-728 

0-538 


1 



SO4 

0-221 

— 


It will be noted that the order of the anionic mobilities in the 
membrane does not follow that observed in water, possibly due 
to differential adsorption of the anions on the membrane surface 
where the cations are bound. A further difference is noted in 
the behaviom of these two types of membranes in that as we 
have noted on dilution the e.m.f. of the concentration chain 
KCl 1 ; 10 increases in the case of the negative membrane 
towards the theoretical value, whilst with the positive mem- 
brane the reverse is the case. A membrane half stained with 
Rhodamin B is, according to Hober and Hoffmann (Pfliig, 
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ArcMv. ccxx. 888, 1928), selectively permeable both to anions 
and cations. 

Membranes composed of amphoteric mcitorials such as gelatine 
(see Fujita, B.Z, clxii. 245, J925) and various proteins (see 
p. 408) will impose a retardation both on anions ajid editions 
dependent on the hydrogen ion eoneentration in the membrane. 
On the acid side of the isoelectric point the ordinary diffusion 
potential is reversed in sign ; near the isoelectric point it is least 
modified and on the basic side tlie e.m.f. is increased, the dilute 
solution becoming more positive. '^Fliese observations (piali- 
tatively agree with the theory d(^velo}ied above. 

Donna n membrane potentials. 

We have noterl that the limit irjg (‘ase for a molec-ular sieve 
membrane is obtained when one ion possesses zero mcdhlity 
within the membrane, i.e. the membra) u‘ is impermea>)le to one 
ion. The theory of the membrane potential developed under these 
conditions was first given by Dorman {Zelt. Eleltrochcrn . xvii. 
572,1911). 

A vessel is divided into two halvcvs l)y means of a membrane; 
on one side of the membrane a solution of a salt-, of which botii 
ions, e.g. Na' and CF, can pass tlnough the jnembrane, is placed. 
To the other side a salt for one ion of which tlie membrane is 
permeable, and to the other impermeable, e.g. the sodium salt 
of Congo red Na* R\ is added. 

If it be assu)ned that complete electrolytic dissociation of each 
salt occurs, and that t here are equal quantities of liquid on each 
side of the membrane, sodium chloi'ide will co)nmence to diffuse 
from one side to the other. 

We can represent diagrainmatically the initial and final states 
of the system as follows: 

Cg Na" I Na’ Cj c.^ — x Na’ | Na* Cy x 
C2 Cl' R' c, Co-x- Cl' cr. 

Initial R' (h 

Final 

At equilibrium, the change in free energy produced by the 
reversible transport of a small quantity of sodium chloride Sn 


R S C 


23 
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from one side to the other at constant temperature and volume 
is zero, or , , . 

or (Ci + x) {x) = (Cg — a:) 2, 


or 


X 

or ^ 


Cl 4“ 2c2 C 2 Cl -f- Scj 


^ Co — X 

and 


Cl H- C2 


If C 2 is small compared to Ci, we obtain 


C2 — X Cj 
X ~ C2 * 

The sodium chloride will thus distribute itself on either side of 
the membrane in a ratio which is a function of the concentra- 
tions of both salts. 

The following table gives an idea of the magnitude of influence 
of the colloid on the distribution ratio of the sodium chloride; 


Initial con- 
centration of 
Congo red 

Cl 

Initial con- 
centration of 
sodium chloride 

r-' 

Cl 

KM) - 

Co -- X 

X 

0-01 

1 

100 

49-7 

101 

01 

1 

10 

47-6 

11 

1 

1 

1 

33 

2 

1 

01 

01 

8 3 

11 

1 

001 

001 

1 

99 


This system has been investigated in some detail by Azuma and 
Kameyama {Phil. Mag. L. 1269, 1925). 

If the concentration of the diffusible electrolyte is small, 
relative to that of the colloid electrolyte, only a small quantify 
of salt will diffuse across the membrane ; whilst if the electrolyte 
is present in relatively large quantities, there will obtain prac- 
tically an equal distribution on either side of the membrane. 
A similar treatment permits of the calculation of the equilibrium 
distribution of a salt containing no ion in common with that of 
the colloid electrolyte. 

If pure water be placed in one compartment and the colloid 
electrolyte in the other, the diffusible ion will penetrate with an 
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accompanying hydroxyl ion resulting in the formation of acid in 
one compartment, and alkali in the other, 

Na* R' j HgO — X Na' Na* 

Cl f'x I y H- OH 

Initial }{' 

Final 

As before, we obtain the expression for the mass law by applica- 
tion of the principle of virtual work to the system in equilibrium. 
If (ir) be the concentration of hydroxyl ions corresponding to a 
concentration y of hydrogen, viz. : 

(^1 - (!/) - - i --- 

If the ionisation constant of water be K,,., then = (.r) (?/), 
or 

(^1 

X 

or .r** (Cl - x) . 


For small hydrolysis, where Cj is great compared with x, 
^ Cj or x = \/cj /\«, . 


Fhe value of at ordinary temperatures is ca. the })er- 

centage hydrolysis 100 — of the colloidal electrolyte can thus be 

computed from the bulk concentration and is evidently very 

small, e.g. for c = O-Ol, 100— -- O'Of) %. The insertion of the 

^1 

membrane thus gives rise to an unequal distribution of the 


electrolyte on either side, to an alteration in the apparent 
osmotic pressure of the colloidal electrolyte (Donnan and Harris, 
J.C.S. xcix. 1559, 1911; Donnan and Allmand, ibid, cv. 1941, 


1914; Donnan and Garner, ibid. cxv. 1313, 1919) and also to a 


potential difference. 

The magnitude of the potential difference can be calculated 
by consideration of the work done in the isothermal transfer of 
a small quantity of electricity (Fhn) from one solution to the 


other when equilibrium is obtained. 

If Tihu mols of Na* are transferred from one side to the other 


23-2 
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and (1 — n)hn mols of CV in the reverse direction, ^ ^ ^ being 
the transport values of the ions, the osmotic work done is 

nhn BT log + (I - n) Bn BT log — ^ . 

The electrical work ^one, if and be the potentials of the 
solution, is (Fa — Fj) Fhn, which must be equal to the above. 
We have seen that at equilibrium (p. 354) 


hence the potential 


X 

Co — X 


Cl -f X 

across the membrane 


A say ; 


V,- V 


1 



1 

A‘ 


Wo have seen that ^ ; hence A ^ - — p— . 

Co c, ] Co 

The potential difference across the membrane is accordingly 

I'.- i'.-‘"riog(i+|)-">=8i<.g| 

for a small Cg : Ci ratio. 

The magnitude of this membrane potential is discerned from 
the following figures : 


£i 

^2 

^'2 ~ 1 1 

10 

•058 

100 

•116 

1000 

•174 

KXKK) 

1 

•232 


and potentials of this order of magnitude have been observed by 
Donnan and Green (Proc. Roy. Soc. A, xc. 450, 1914) and 
Kameyama {Phil. Mag. l. 849, 1925) at a copper ferrocyanide 
membrane. 

It is evident that increasing the quantity of diffusible electro- 
lyte in the solution decreases the membrane potential, a pheno- 
menon observed in the case of Procter and Wilson (J .C.S. cix. 
1317, 1916) for tannin and by Loeb {J. Gen. Physiol, iii. 607; 
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in. 691; III. 827; iv. 33; iv. 07, 1021) (see Ch. ix) in the case of 
gelatine. 

Numerous applications of Donnan’s tlieory have been made 
to investigations on the proteins; thus Sporing {J.C.S. cxxv. 
2316, 1924) has determined the dissociation of basic sodium 
caseinate from the system 

Basic saidium caseinate c. t • . 

Sodium chloride chloride 

Loeb and his co-workers have likewise examiiu'd systems 
containing proteins such as gelatine, egg-albumin, edestin, glo- 
bulin .and acids and salts. 

Thus in the ease of the system 


z Gelatine 
//H 

(y ) cr 


CT X 


We h.ave seen that the membr.ane potential is given by 


RT 
” uF 


log ( 1 


The ratio ^ may be varied by clianging either the of the 

system or the protein concentration. For 100 c.c. of 1 % iso- 
electric gelatine the following data were obtained. 


c.c. O lATHCl 

10 

Hydrogen electrode p.d. 

24*7 

Membrane p.d.... 

240 

c.c. O lA^HCl 

12-5 

Hydrogen electrode p.i>. 

18*8 

Membrane p.d. . . . 

lor, 


20 

4-0 

6-0 

8-0 

100 

310 

34-5 

34-5 

27-0 

25-8 

320 

33-0 

32-5 

2(50 

24-5 

150 

20-0 

300 

400 

.500 

140 

7-0 

5-9 

41 

2-3 

11-2 

6-4 

4-8 

1 

3-7 

2-1 


The most exhaustive thermodynamical examination of the 
conditions of the Donnan equilibrium has been made by 
Hiickel {KolL Zeit. xxxvi. 204, 1928) 

Na Cg 

Cl Cg Cl C 3 

N'a Cj — C3 
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He shows that for dilute solutions in the above system the 
accurate form of the Donnan equilibrium is given by 

2 [(Ci -h C 3 ) - 2 C 3 ] - 2 log C 2 - log Cl (Ci H- C 3 ). 

Since in general + V 2 is not very different from the original 
total volume of solvent and , Cg , c., are small compared with 
unity, the above equation reduces to 2 log Cg — log (c^ + C 3 ) = 0 , 
which is the form given by Donnan, and the potential difference 

V = KT [2 (Cl + C3) - 2Ci] - KT log , 

Vq Cl 

or approximately 

V = KT log - KT log - . 

Donnan ’s theory may be applied not only to the case of 
non -diffusible ions but also to the case of colloidal solutions 
where the colloidal particle has acquired a charge by the selective 
adsorption of ions from the solution. The adsorption of ions by 
colloidal solutions of chromium hydroxide (Bjerrum, Zeit. 
physikal. Chern, cx. 656, J924), sulphur and silicic acid (Rinde, 
Phil, Mag. (75), i. 32, 1026) have been examined and shown to 
fulfil these conditions (Ganguly and Krishnamurti, Trans. 
Farad. 80c. xxiv. 401, 1928). 

We may cite the following data obtained by Bjerrum for the 
distribution of hydrogen chloride on each side of a membrane, 
one compartment containing colloidal chromium hydroxide. 





Chlorine 

ion 


Chlorine and 

Original 


Membrane 

potential 

ions bound 

hydrogen 

HCJ 

Cr 

potential 

difference 

per Cr’” 
atom 

ions bound 

concen trat i on 


m.v. - 

for 

solutions 

m.v. 

per Cr*” 
atom 

001 iV 

0076 

6-4 

6-0 

0-22 

0-253 

0-005 

0-049 

7-4 

8-8 

0-21 

0-24 


Homogeneous membranes. 

Modified membrane potentials are noted in the case of the 
interface between two immiscible liquids, e.g. oil and water, 
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owing to the unequal distribution of tlie ions of a dissolved 
electrolyte between the two media (see Nernst and RiesenfeJd, 
Ann. der Physilc (4), viir. (iOO, 19(»2; Habci*, ibid. (4), xxvi. 927, 
1908; Haber and Klemenziewicz, Zeit. phy.sih'al. ('heni. exvit. 
380 , 1909; Michaelis, Dynanftik' dcr Oherfidchen , 1909 ; Bcutner, 
Die Entstehung elektriscber Stronie in Ichenden. Geivcben, 1920). 

The existence of the liquid potential at a licpiid-liquid interface 
can be demonstrated in the following way. 

An electrolyte, e.g. HCl, is shaken up with the two immiscible 
solvents, water and oil, until the partition C([uilibrium is arrived 
at . 


H cq H c» 

A^.AyCI. water oil 


Agr Cl fKg 


Vi 


V 2 


V 3 


If a hydrogen electrode be immersed in each solution sitice the 
system is in ec|uilibrium, the potential difference between these 
electrodes must be zero. Similarly for the chlorine ion, there will 
be a zero potential difference between two silver-silver chloride 
electrodes immersed in the two media. 

4^110 P.D. of a hydrogen electrode immersed in a solution of 
hydrogen ion activity /c^j is given by the expression 


F- 


BT 

vF 


log 


/^H 


where /cq is the hydrogen ion activity of a solution for which 
zero potential difference exists, corresponding to the cdcctrolytio 
solution pressure of the ion in that particular medium. 

In the absence of an interfacial potential difference between 
the two media we obtain as the e.m.f. of the c^ell 


V 


- ^ - log 


KT fcn„ 

nF 


where the suffixes a and b refer to the two media. 
Since V 


0 at equilibrium ’ — - 
^ Jf'ub JCoin 


Similarly for the chlorine ions ' /Coa& 
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The partition coefficient of either ion should thus be independent 
of that of the other. This is evidently not the case, since the 
partition coefficient of electrolytes containing a common ion, e.g. 
the chlorine ion, varies with the nature of the cation; thus the 
oil-water ratio for aniline hydrochloride is much greater than 
that for sodium chloride. 

In general, the interfacial potential difference will be finite and 
equal to 



RT , /CHa r 

nF 


where Z/ is a constant. 

The partition coefficient of one ion, e.g. the hydrogen con- 
sidered as distributing itself between the two media indepen- 
dently of the other, is given by the expression which is 

J^O II6 

the limiting distribution which the hydrogen ion attempts to 
establish, but is prevented from doing so owing to the presence 
of the other ion possessing in general a different partition 
coefficient. 

Beutner (loc. cit.) has studied numerous cells, generally of the 
type reversible with respect to one ion, e.g. the Na‘ in the 
following : 


Calomel ; KCl I NaX || NaX NaCl |! NaOl | KCl | Calomel 
sat. I in water 1 1 in oil I in oil in water j sat. 

Vi a 

or the chlorine ion : 

Calomel YCl If YCl NaCl I! NaCl Calomel 
+ in water {| in oil in oil || in water 

Cl Vi C2 Cj 


In each cell there are two-phase boundaries || giving rise to 
interphase potentials owing to unequal ionic distribution. The 
E.M.F. of such a cell is consequently given by the potential 

v=v,-v, 

if the small potential differences a or 6 be neglected. 
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In the second cell, if the chlorine icMi concentrations in the four 
phases be Cg, C3, C4, we obtain 

Ti = -^-log^-!- L, 

rr JfT. C3 ^ 

^2-= log^^ ) L. 




F r ■ 


In one experiment of Beutner, guaiaeol was used as immiscuble 

TV' . , TV" 

solvent, aniline hydrochloride and sodium chloride as 

electrolytes, assumed to be completely ionis(‘d in acpieous 
solution. The partition (‘oefiicient of these electrolytes in the 
guaiaeol being determined by the increase in the specific (con- 
ductivity of the solution after shaking with the acpieous electro- 
lytes. 

71ie specific conductivity of the guaiaeol before contacst was 
found to bo 0*1 gemhos, after contact with the NaC.^l 1-3 

N 

gemhos, an increase of 1-2 gemhos. With aniline hydro- 
chloride, the conductivity rose to U)-3 gemhos. Insert ing these 
values as representative of the (a)ncentrati(jiis of the chlorine 
ions in the various solutions, we obtain 


_ 1 

Cl ()•! 

Cg l()-3-01 lb*2 e ^ 

03 =- — 1-2 
V =- 0-058 log 8-5 =-- 0-056 volt, 

whilst the observed value was found to be 0-059 volt. 

A closer agreement is scarcely to be expected since no cor- 
rection has been made for the concentration potential b and the 
conductivity ratio of the two solutions is only an approximate 
measure of the chlorine ion concentrations, which in turn are not 
identical with their activities. 

The following figures indicate the close agreement between 
the observed and calculated values when various electrolytes 
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are substituted for the aniline hydrochloride. The effect of 
increasing oil solubility of the cation is clearly marked: 


Salt 

. concentration 


MgCh 

KCl 

CeHgNHgC^l ... 

C6H,N(CH3)2HC1 


E.M.F. obs. 

E.M.F. calc. 

- -091 

- () (i43 

1 -on 

+ 0-012 

f 059 

+ 0-056 

1 091 

! 0-KK) 


Various modifications of these cells have been investigated by 
Beutner (Zoc. cii.), Haber {loc. cit,), Crerner (Zeit.f. Biol, xlvtt. 1, 
1906) and others which have many important applications in 
biology. (Loeb and Beutner, Biocheyn. Zeit. et. 288, 300, 1913.) 

If aqueous solutions containing an electrolyte MX in two 
different concentrations c^, be separated by an oil layer, the 
maximal voltage of the cell regarded as a c;oiicentration cell in 
respect to one ion will be given by the expression 

Wat^r Oil Water 
MX MX 

Cl Cg 



whilst the minimum value will be I" = 0. 

In general the e.m.f. of the cell will be between these values, 
since the potential difference between the oil-aqueous phases will 
possess a certain finite value. 

If the ionic concentration at the interface to the liquid Cj be 
^ 1 , oil and at be Cg, oil » the potential difference of the cell will be 


V = 



^'1 

Cg 


o il 
^'1 , oil 


When C 2 ,oii = i e. when the concentration of the common 

ion is uniform throughout the whole of the oil, the potential 
difference is a maximum, whilst when the ions obey the partition 
law 

Cj ^ Cg 
^1, oil ^'2, oil 

the total E.M.F. is zero. 
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3G8 


To establish the conditions of nniforin ionics conccntrat ion 
throughout the oil, the ionic c'oncentration of the reversible ion 
in the oil must be independent of tlie eoneeiilration of the ion in 
the aqueous phases. Partial realisation of this stat(‘ of affairs 
has been obtained by Beutner {loc. rif.) utilising sahcAialdehyde 
as non-aqueous phase. The aldehyde contains small (jiiantitic's 
of acid which reacts with the potassium chloride 


KCA -f 


/OH 

\(^OOH 




/OH 

\(Y)OK 


Jin 


On solution in the aldehyde the two ac ids salicylic- and hydro- 
chloric are comparable in strcmgth ; hence for dilute acpieous 
soluticms of potassium chloride the potassium ion cf>nc*cmtration 
in the aldehyde depends cmtirely on the cpiantil y c^f salic ylic acid 
in the salicylaldehyde and the relative strengths of the two acids 
in this solvent. With more concentratc^d a-cjueous solutions tl»e 
potassium ions present in the aldehyde will be in combination 
not only with salicylate ions, but with chlcnine ions as well, 1 hns 
j)romc:)ting an interfacial potential difference. Jt is to be antici- 
patc'd that with increasing concentrations c^f c-hloride in the 
aqueous phases the e.m.f. of the cell will gradually fall, an 
anticipation verified by experiment. 




1 Max. 

E.M.l^. obs. 

Cl 

c.. 

' E.M.F. 

i 

N 

N 

1 '041 

1 

■021 

2 

10 

' 


N 

N 

i 

i 




•025 1 

To i 

5(1 


N 

N 

1 

I 

1 -034 

j 


250 

j '041 

N 

N 

i 

•041 1 

250 

1250 

'041 j 


If the oil-insoluble chlorine ion be replaced by the cjil-soluble 
salicylate ion in the aqueous phases, the concentration of the 
electrolyte in the oil phase will not be independent of the con- 
centration in the aqueous phase, but a normal partition coeffi- 
cient will be obtained with concomitant interphase potential. 
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Evidently the non-aqueous phase may possess acidic or basic 
characters either in virtue of its own properties, e.g. nitrobenzene 
and aniline, or through the addition of small quantities of soluble 
acidic or basic substances, e.g. salicylic acid to salicylaldehyde 
or methylamine to nitrobenzene. 

It is thus possible to arrange the various non-aqueous media 
in a series with the aid of a cell of the type 

Calomel MX non-aqueous non-aqueous I MX | Calomel 

HgO { phase phase ! in HgO 

c “ I 1 IT i c i 

in wliich the e.m.f. actually measured is the difference in the 
potentials between the two non-aqueous phases and aqueous 
solutions containing the same concentration of electrolytes. 

Some of the values obtained by Beutner are given beloM . In 
all cases normal KCl was used as aqueous phase. 


C^B^CnO Cresol - 0-13 volt 

Phenol -fO-13 „ 

„ Guaiacol -f- 0*08 ,, 

„ Acetophenone — 0-07 „ 


The oil solubility of various ions can be compared one with 
another by the aid of cells of the type 

my , MX Oil I NX 

in HgO in HgO 


MX Oil 


Utilising potassium chloride in the left-hand compartment of 
the cell and substituting for potassium chloride other potassium 
salts in the right-hand compartment of the cell, the e.m.f. of the 
cell rises as the anion becomes more oil soluble. Beutner (Zeit. 
Elektrochem. xxiv. 94, 1918) found the following order for in- 
creasing oil solubility of the anions: 

SO/' Cl' Br' I' SCN', 

whilst for increasing oil solubility of the cations the order was 
Mg’ Ca” Ba” Na’ K‘. 

The general order was found frequently to be independent of the 
nature of the oil (Baur, Zeit. ElcktTOchcin. xxiv. 100, 1918), 
especially in those cases where the oil possessed distinct acidic 
or basic characters. 
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The study of bioelectrical phenomena (see BulL Nat, Research 
Council, No. 69, May, 1929) indicates that potential differences 
of considerable magnitude exist across the membranes of living 
cells, and it is natural to attempt to construct some type of 
artificial cell which will reproduce t hese c onditions. It cannot be 
said that any definite conclusion lias been arrived at in the 
matter; whilst the condition of ec^uilibiiuin bctwecui tliecontents 
of a blood cell and its serum are defined by the Donnan equi- 
libiiuin, yet scdective pernu^abilit y has to be attributed to tlie 
membrane. Such selective powers we luive seiai arc' possessc'd 
under certain conditions, not only })y a sic'vc* membrane but also 
by a homogeneous meiubrane (see Ch. i.v). The })roperties of 
artificial membranes prepared from gelatine' and casein (sc't^ 
p. 353) and also from albumin and globulin (Matsuo, RJIug. 
AreJnr, cc, 132, 1923; Hobc^r, Zeit. physikat. (licnt. v\. 112, 
1924; Mond, R. Arch. ges. Physiol, ca^iu. 247, 1924), whicli on 
account of their heterogeneity must be regarded I as sit've mem- 
branc^s, have led many to believe that living membranes behave 
in like manner. Vsle must observe that such a membrane v^’itll 
different solutions on each side of it cannot be regarded as 
containing a uniform gel, since the properties of a gel change 
v\^ith its environ m cm t. On the other hand the effect of organic 
lipoid solvents on the membrane as well as the ease cjf penetra- 
tion of lipoid soluble materials show clearly that the meunbrane 
is at least composite in character and that bioelectric potentials 
might arise acrc^ss a lipoid acpieous phase interface as imagined 
by Beutner. It would be of great interest to examine the 
properties of a compc:)site membrane consisting of two lipoid 
layers enclosing an aqueous ampholytic protein layer in a search 
for an interpretation of many of the phenoincina observed with 
living cells. 

13. The glass electrode. 

Haber and Klemenziewicz (Zeit. physihal. Chem. Lxvii. 385, 
1909) showed that if two solutions of different i^^^o each of 
which a calomel electrode dips, are separated by a thin glass 

RT 

membrane an e.m.f. is obtained equal to ^ x the difference 
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in Pjj . The glass is evidently to be considered as a solid electro- 
lyte containing H’ and OH' ions at a constant thermodynamic 
potential which depends only on the electrical potential of the 
glass, as that of the mercurous ions in mercury depends only 
on the electrical potential of the mercury, whilst the thermo- 
dynamic potential in the aqueous phase is a function of the 
concentration. Hence 


dV^ 


96*5 X 10i» * 


The behaviour of the glass electrode has been examined in more 
detail by a number of investigators, notably Meyer (Wied. Am) , 
XL. 244, 1890), Borelius {Ann. de Phys. xlv. 929, 1914), Freund- 
lich and Rona {Sitz. Preufis. Ahad. der If'is.s. 397, 1 920), ibid, and 
Ettisch (Zeit. pfnfsikal. Chern.cxw. 401, 1925), Hughes (J.A.C.S. 
XLiv. 286)0, 1922), Horovitz {Zeit. f. Physik. xv. 368, 1923). 
Cremer {Zeit.f. Biol. xxix. 562, 1908; Zeit. physikal. Chem. cxv. 
424, 1925). 

It is found that in alkaline solutions {P^ >11 for soft glass) 
the glass no longer functions as a hydrogen electrode, but is 
affected by an alteration in the sodium ion concentration of the 
solution. With sodium amalgams, in fact, glass may serve as a 
sodium electrode of constant thermodynamic potential. 

In addition to hydrogen and sodium ions other metallic ions 
such as silver may be present in glasses which thus act as mixed 
electrodes. When equilibrium is attained between all the 
electro rnotively active ions in the glass and solution the formal 
relationship 


V ^ ^ g.Na-— ^ "l.Na- 

96*5 X ibio " ' 96*5 X 101« 


must be obeyed. 

It follows that the thermodynamic potentials of the hydrogen 
and sodium ions in the glass must be affected by the concen- 
trations in the solution, or ionic replacement in the glass occurs. 
This power of ionic interchange is shared in common with glass 
by the naturally occurring hydrated silicates, e.g. the zeolites. 



CHAPTER Vlir 


CONDITIONS OE STABILITY IN SUSPENSIONS 
AND EMULSIONS 

In discussing the various methods by whic h dispersions such 
as suspensions or emulsions are formed, we noted that the 
stability of such S 3 ^stenis was not necessarily determined by tlie 
fact that they could be j)repar(‘d. An examination of the dis- 
persion by means of a microscox)e, or if the dispersion be a tine 
one, an ultramicroseope, reveals the fact that the small particles 
are in a state of lively agitation tlie Brownian movcancjit. 
Impact between various particles would Jiecc'ssarily follow from 
such thermal agitation and if such im})act pcTinitted the agglo- 
meration of the particles, resulting in a decrease in the free surface 
energy of the system, precipitation or coagidation would ensue. 
In general, however, such suspensions and emulsions are stable, 
and some factor must necessarily be ojx'rative either in pr(‘- 
veiiting coalescence on collision or in reducing the numbe^r of 
collisions. The chief fad or to be eonsidei ed is the electrical 
charge on the suspensions and emulsions. We hav(‘ alrt\ady noted 
that electrification may n^sult either by a process of superficial 
ionisation or by prc'ferential adsorption of an ion in solution. 
The disperse phase is thus charged and the particles ina^^ be 
regarded as somewhat massive ions. Un discharging the par- 
ticles the forces opposing coalescence cjn ccdlision are removed 
and coagulation n^sults. In this chapter we shall consider the 
nature of the Brownian movement and the mechanism by which 
the charge on the particles may be r(‘duced by varicjus nutans so 
as to effect co.agulatic:)n and precipitation. 

1. The Brownian movement. 

In the seventeenth centur^^ Leeuwenhoek first noted that 
microscopic animalculae when suspended in water were not at 
rest but were in a state of rapid agitation. Nevertheless, until 
the investigations of Robert Brown {Ed in. Phil. Jour. v. 858, 
1828; Phil. Mag. iv. 161, 1828; vi. 161, 1829; viii. 41, 1830), 
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these movements were always associated with the ciliary agita- 
tion of living organisms. Brown, however, examined fine sus- 
pensions of inert materials such as finely divided metals, wax, 
coal and many other substances, and confirmed the existence of 
this irregular motion as a general property of fine suspensions. 
He likewise proved that this agitation was not caused by cod- 
vectional currents in the liquid nor by disturbances which might 
be produced by evaporation. Experiments on the Brownian 
movement of small particles in liquids were continued and 
extended by Wiener (Fogg, Ann, cxviii. 79, 1863), P. Exner 
(Wien, Sitz. Ber, Natur. lvi. 110, 1867), Dancer (Trans. 

Mane. Phil. Soc. 162, 1868), Jevons (ibid. 78, 1870), Canton 
(Nuovo Cimento, XXVII. 156, 1867) and others without success 
in the elucidation of the cause of the motion. That the Brownian 
agitation was the result of molecular bombardment was sus- 
pected by Carbonelle in 1874, Deslaux (J. Boy. Microscopic Soc. 
1877) and by Bodaszewski (Clie'in. Centralblat^ xvii. 709, 1881), 
who first observed similar irregular zigzag motions in the par- 
ticles of smoke from burning paper and in the fog particles of 
ammonium chloride, but this point of view was first stated in a 
definite form by Gouy (J . de Physique, vii. 561, 1881 ; C.R. cix. 
102, 1889) and Ramsay (Chem. News, Lxv. 90, 1892). 

That the Brownian agitation could be regarded as nothing less 
than a visible proof of the kinetic theory and that the small 
suspended particles could be regarded for this purpose as large 
and visible molecules was confirmed and elaborated by the ex- 
perimental work of Zsigmondy, F. Exner, Henri, Chaudesaignes, 
and Perrin. These investigators showed that the motions of the 
small particles were in experimental agreement with those that 
would be anticipated from an application of the kinetic theory, 
making the basic assumption that the suspended particle may 
be regarded for kinetic purposes as a large molecule possessing 
a mean kinetic energy equal to the mean kinetic energy of a 
molecule of the solution in which it is suspended, the theoretical 
application of which has been extended in detail by Perrin, 
A. Einstein and v. Smoluchowski. 

Such a conception does not necessarily carry with it the im- 
plication that the particle possesses a true molecular weight. 
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2. The distribution of particles in colloidal suspensions. 

In a vertical cylinder of li(piid containing a suspension slightly 
denser than the surrounding liquid in which it is divSpcrsed we 
should anticipate that since the suspension particles behave 
exactly in the manner which large* molecules might be expected 
to behave when equilibrium is attained, the suspensie)n density 
would be greatest at the bottom of the l ylinder and h'ast at the 
top, establishing an exponejitial concentration gradient similar 
to tlie atmosphere around the globe. 

The following conditions of equili- 
}>rium were established by Perrin 
(Les A tomes). 

Consider the equilibrium in a 
vertical cylinder of suspension of 
density in a suspension medium 
of density p 2 of unit ctoss -section 
and height Xq. If at a height x 
there are 71 particles per unit volume 
and at a height cr4 Sx, n -f 3/?. particles per unit volume, the 
difference in osmotic pressures due to the particles on the 
assumption that the suspension conforms to the laws of an ideal 
solution will be 

RT RT . ^ . R2\ 

— n - Sn) or - ^ bn. 

This difference in osmotic pressures at equilibrium exactly 
balances the apparent weight due to gravitational attraction of 
the particles in this small volume of unit cross-section. The 
number in the cross-section is nSx and if V be the volume of each 
particle the apparent weight of the particles will be 
nSx . V (pj - P 2 ) .</• 

Thus at equilibrium we obtain 

— Bn = — nBx V (p^ — p^) Q, 
or log ^ = F g{x- xa), 

1\ nQ 

where n and Uq are the number of particles per unit volume at 
heights X and Xq respectively. 
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Perrin tested this relationship with particles of gamboge and 
mastic dispersed in water. Gamboge emulsions are readily pre- 
pared by rubbing gamboge with a soft brush under water or by 
solution in alcohol and pouring rapidly into a large excess of 
water. The emulsions thus prepared contain particles of varying 
sizes, but by submission to a process of fractional centrifuging 
an emulsion of spherical particles reasonably uniform in diameter 
may be prepared. 

The mean density of the emulsion particles was determined 
both from the specific gravity of the solid and from the specific 
gravity of an emulsion containing a known amount of the solid 
in the dispersed state; no effect due to dispersion on the apparent 
density could be detected. 

The determination of the volume of the individual particles 
in the case of gamboge was effected by three different methods. 

(а) By observation of the rate of fall of the upper surface of 
a dilute emulsion in a capillary tube maintained at a constant 
temperature the limiting velocity of fall of the particles can be 
determined. 

According to Stokes the limiting velocity v imparted to a 
sphere moving through a liquid of viscosity j] under a constant 
applied force F is given by 

F 

^ 67ryr’ 

where r is the radius of the sphere. In the case of the spherical 
gamboge emulsions settling under the influence of gravity 

4 

9 , 

/ 9 Tiv 

or ^ o 7 — • 

^ 2 (pi - p^) g 

Although Stokes’ law does not apply to particles so small that 
the Brownian movement influences the rate of gravitational 
settling, yet for the relatively coarse emulsions prepared in this 
way no sensible error is introduced. 

(б) On acidulating a gamboge emulsion the particles are 
rapidly precipitated. By precipitating the particles from a known 
volume on to a glass coverslip the number originally contained 
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in the volume could readily be counted with the aid of a low 
power microscope. From a knowledge of the total quantity of 
gamboge in the emulsion and the number of particles present, 
the individual volume can rt^adily be ascertained. 

(c) By precipitating a sufficient number of gamboge particles 
on a glass coverslip the length of a string of particles could be 
measured and the number in the string counted, from which the 
radius could be deduced. 

As typical of the variations in particle radius determined by 
these three methods the following experimental values of PtM rin 
for gamboge emulsions may b<‘ cit (mI : 
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The distribution of particles in a vertical column of tht* 
emulsion was determined by Perrin with the aid of a microscope 
and micrometer focusing arrangement. The Jieight of the 
column under the microscope was 0-1 mm. and the number at 
various depths was counted with the aid of the eye. Thc‘ following 
results are typical of sucli determinations. 


(i) Radius of gamboge particle 

2 -G X 

10 “'' cm. : 


Depth inereinent 

1 ! 


12/x 

i ISiLX 

Number ... 

j 305 1 

.5,30 

‘)40 

1 1S80 1 
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1 2SO 1 
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(ii) Radius of gamboge particle 

1-06 X 10 •'’cm.: 

J^optli increment 

1 " 1 
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Number ... 

12 1 

22 -b 
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! 1 
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The difficulty associated with such a conception of an atmo- 
spheric concentration gradient applicable to colloidal particles 
is that with the rate of increase observed by Perrin over a depth 
of 0*1 mm. the concentration at a depth of say 1 cm. would 
already be enormous. In actual practice, however, the concen- 
tration has been found to approach a limiting value, and to 
become virtually constant after a definite maximum has been 
reached. This fact has led to a criticism of Perrin’s work by 
Burton (Proc. Roy. Soc. A, c. 705, 1922). Burton ascribes this 
discrepancy to the fact that the particles are charged and con- 
sequently exert a mutual repulsion on one another. He suggests 
that this charge on the particles will exert a force on a unit 
charge equivalent to Icne in the layer Sa:, consequently the total 
force on the layer of particles in the thickness 8a; will be 
(kne) (nebx) or k ri^e^Sx. 

Perrin’s equation will thus be modified by the inclusion of this 
term to 

Bn -I- kn^e^Bx = nBx V (p^ — g. 

Writing this in the form ABn ^ (Cn — Bn^) Bx, we obtain 

C 

. 

B {^ke 

Thus for large values of x, n becomes constant and equal to 

G ^ y (Pi — P2) 9 
B ke^ 

Porter and Hedges (Trans. Farad. Soc. xviii. 1, 1922) criticise 
Burton’s treatment by pointing out that the colloidal solution 
does not in fact contain charges all of one sign but is electrically 
neutral as a whole ; further, that a charged colloidal particle with 
its attached double layer should at small distances function as 
an electrical doublet and thus not repel but actually attract 
other and similar doublets. They point out that the extension of 
Perrin’s treatment to great depths is only possible if we replace 
the simple Van t’ Hoff law tt = cRT obtaining in dilute solutions 
by the osmotic laws of concentrated solutions. 
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N{1 


Porter makes use of the Saekur-JWter osmotic law for con- 
centrated solutions 

nRT ^ 

bn) ’ 

where h corresponds to the b term in Van der VVaals’ ecpiation 
and is proportional to the volume of the osmotically active 
particle together with its water of solvation, thus 

dll N (V bn)'^ ^ 

If the osmotic pressure a function of the hydrostatic 
pressure of the solution /> and of th(‘ numerical (tonctaitralioii, we 
have the matluanatical identity 
drr f diT 


TT _ /dlTX , 

V \(lvK ^ \d7i) dxdp' 


dp 

Porter has shown {TranH. Farad. Sor. xin. 123, I h 1 7 ; Froc. Rot/. 

, wlu^re 6‘ is the shrinkage. Also 
P2 

dpQ u — o- 


Soc. A, LI. 622, 19] 7) 


drr _ j 
dp dp 


dp 


, also , - 

u dx a 


.( 2 ). 


where a is the specific volium^ of the solution, u that of the 
solve* nt. 

s — cr a (Ltt d n 

Hence — • i i 

u g dn dx 

From (1) and (2) we obtain 

dn s - 

dx 


_ <TgN 
ucj RT^ 


buy. 


If there be no contract ion when gamboge and water ai'o inter- 


mingled a 

- cp^ -f (1 - c) M, where is the density of gamboge 

and ^ u. 

.*. s — a c (p, — v) 7im {pi ~ ii), 

thus 


where 

g Nm (pj — u) 

ETti^ 

or 
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This curve tends asymptotically for large values of x to the 
1 

value ^00 ^ aiid has a point of inflection for n= . 


The following experimental values Avere obtained by Porter : 


X in c'm. 

■023 

•033 

■043 

•063 

•083 

•103 

•123 

•143 

n y ]0"® 

•95 

214 

3-()l 

714 

8-69 

9-52 

9-76 

9-76 


whilst values calculated with the aid of the above equation 
were, putting 6 = 10-2 x 10-® cm.®, h = 121, 


•024 -032 *0375 -047 00] 080 -115 


n X J0“® 


2 3 


7 


9-7 


3. The Brownian movement of translation. 


According to Stokes’ law the limiting velocity of a spherical 
particle of radius r moving through a liquid of viscosity r] under 
the influence of a force F is 

F 

v= ^ . 

GTTTjr 

tiF 

If there are 7i particles in a unit volume of liquid, then - — - will 

move through a sq. cm. per second. 

The force acting on a particle suspended in a solution will be 
caused by the osmotic pressure differences in the suspension or 



but for dilute solutions tt = 


ETn 

N 


or Btt = 


RTSn 

~N~ 


hence 


nF RTBn 
^TTTjr N 8a: . QnTjr * 


If we denote the diffusion coefficient of the particles by D, the 
quantity moving across unit area under the influence of a con- 
centration gradient ^ will be D , 
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The quantity moved by diffusion will bo that impelled by the 
difference in osmotic pressure, or 

dx N . iSTTTjrhx ’ 

^ ' 6777, /mV ’ 

giving us a value for the diffusion eonstanf in terms of the 
teni])erature and viscosity of the me<lium and the radius of the 
particle. For very small particles Slol<(\s’ law is no longer exact 
and the departure to be expected with deert'asing diamet(*r has 
been investigat('d in some detail by Sutherland [PhiL 3Tag. vi. 
1, 781, 1905), Cunningham {Froc. Roy. Roc. A, lxxxitt. 357, 
1910), and Millikan (Phys. Rev. xxxii. 349, 1911), 

Of the various formulae suggested, that proposed by Ckinning- 
ham appears to conform most closely to Millikan’s (‘xperimental 
valuers. We obtain , x. 




N.(mrjr\ ' r/ ’ 

where A is a constant = 0-815 and A the mean free path of a 
molecule of the solvcmt. 

Einstein (loc. cit.) showed further that the actual mean 
distance 1‘ travelled by a particle in a, short time t under the 
influence of random molecular collisions was related to the 
diffusion constant D by the following ecjuation: 

j^=2Dt or '^=-^ 5 — -• 

N Snyr 

Langovin {C.R. cxlvt. 530, 1908) has obtained this relationship in a relati vely 
simple manner. 

If we consider a particle of mass m moving parallel to the x axis with a 
component velocity x under the intliiencc of molecular shocks, the equation of 
motion will be .. . 

rnr --- — h-Trrjr.v -j- 

where ^ is the force due to molecular collision, winch is constantly varying both 
in magnitude and sign but nevertheless impels the particle continuously. 

d'x'^ 

Then - rrix- — Snrjr 

For a large number of identical particles the term 4*x vanishes. Replacing 
dx^ , 

-jr by z, we obtain 

mdz „ -2 

— + STT-qrz = mx^. 
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Now is the mean kinetic energy of the particle due to the component 

of its velocity parallel to the x axes, or 

.2 RT , mdz , _ RT 

= ^ and ^ . 

The solution of the equation is 


" N.’^TTrjr 

When the motion reaches a steady state 

R7 

~N . ^TT-qr ' 

from which by integration we obtain 

Independently of Einstein, v. Smoluchowski arrived at a similar solution to 
the problem of the mean disxjlaccment of a particle. He obtained 

.^^‘S2R Tt 
~ 21 N • 


4. The Brownian motion of rotation. 

Not only do particles in Brownian agitation move rapidly 
about in the suspension medium, the magnitude of the move- 
ments being capable of exact calculation from the foregoing 
mathematical considerations, but they are likewise undergoing 
rotational motion due to an unequal distri})ution of molecular 
impacts upon the faces of the parts of the particle on each sidc‘ 
of its axis of rotation. 

The mean energy of rotation will necessarily by the laws of 
equipartition of energy be equal to the mean energy of trans- 
lation. 

Einstein (Zoc. cit.) has shown that the mobility of a system {B) 
referred to a parameter a is related to the mean displacement 8 
by the following equation 

=^^Tt. B, 

where t is the time in which the alteration S in the parameter a 
due to molecular bombardment has taken place. 

1 RTt 

In the case of translational motion B = 7 ; or . 

677177- N . Stttjv 

In the case of rotational motion, if a torque of moment I be 
applied to a sphere of radius t- in a medium of viscosity 17 , the 
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angular velocity acquired by the spJiert' (sc^e v. KircliholT, 
Vorlesiiiigen ilber Meclui/nik, 26) will be « ^ 


Hence 


Thus 


B 


1 

STTrjr^ ’ 

RTt 

N . 47TTp*'^ ’ 


Stt ryr'-^ 


where r is the angle of rotation. 


5. Fluctuations in concentration. 

As has already been indieat(‘d, a dilut e disjxTse sysUnn may 
be regarded as obeying the ordinary gas laws. If we imagine a 
small volume of the disperse system as separated from the bulk 
of the solution, it will ( (mtain at any inst ant a certain number of 
particles n. Since th(‘se particl(‘S are agitated by Brownian 
movement, the number of partich'S in the small volume will alter 
from moment to moment but always maintaining a nu'an value 
of n over long periods of time. If at. any instant t lie number in 
the small volume be 7 /,, then the relative alt(Tation from the* 
mean value n will be 

g ^ n, - n 
n 

Or the mean value of these fluctuations in concentration will be 

n, — 7i\ 

71 / incan 

V. Smoluchowski has shown, on the assumption of the validity 
of Boyle’s law for such suspensions, that 



when n is large, and when n is small 

^ ’ 

where k is the next smallest whtile numbe^r when n is not a whole 
number, and is equal to n w'hen w is a whole number. 

If Boyle’s law does not hold exactly, the above equations 
suffer the following transformations. 
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For large values of w, B = 
2n^e-^ /~P ' p 

“fc-r V s: ’ fi„ = 



RT 

^T~ 


\v - 6]2 


for small values of n, 
2a\ * 


The probability of the presence of n^ molecules being present 
inside the small element of volume will be 


YlUi g-n 
Ui ! 


6. Experimental verification. 


On the assumption that the particles of a suspension ditFuse 
at a rate dependent on the concentration gradient in the 
solution in a manner analogous to the molecules of a soluble 
solute, the diffusion coefficient is given by the expression 


D = 


RT 


QiTrirN * 

This relationship permits of experimental verification by 
direct observation of the diffusion coefficient and the measure- 
ment of the radius of the particle. Svedberg (Zeit. physikal. 
Chein. Lxvii. 105, 1907 ; ArcMvf. Kemi. etc., K. Si^'enska Vetensk. 
Akad. Stockholm, B, iv. 12, 1911) employed colloidal gold 
prepared by reduction with phosphorus according to the 
directions of Faraday and Zsigmondy. 

The density of the water employed as diffusion medium was 
raised by the addition of urea in order that the gold suspension 
could be run under a column of water without undue disturbance 
so as to obtain a uniform level surface of separation. 

As a result of a series of experiments the following results were 
obtained. 


T 

V 

A oba. 

r calc, 
in fjifjL 

r obs. (by Zsigmondy) 

(i) 284-7 

(ii) 286-62 

0-012 

0-01209 

0-27 

0-117 

0-6 

1-29 

ca. 0-5 

1-33 (direct observation) 
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If the motion of one particle be observed it will oscillate about 
a mean position, the actual motion being naturally zigzag, 
returning after a comparatively long time interval very nearly 
to its original position. The deteriniiiatioTi of the displacement 
of a particle in a given time interval will thus vary with the 
interval chosen ; from the relationship 

-t 

N MTTtp- 


the velocities for different time intervals will evidently increase 
as the time interval diminishes and at a. rate proportional to the 
inverse square root of the time interval or constant. 

Likewise the displacement in a given time interval, i.e. for 


constant values of t, should vary bot h as 


\/r \ 7) 

Confirmation of these expc'cted relationships have been 
obtained by Chaudesaignes {G.R. oxlvti. 1044, 1908), L^errin, 
Exner, and others. 

With gamboge particles 1*005 x 10 ^ cm. in radius, it was 
found by examination of the motion of fifty particles at thirty 
second intervals that each moved on tiie averages : 


in 30 .seconds 6*7 microns 

„ 60 „ 0*3 

„ 90 „ ll'H 

„ 120 „ 13-95 


whilst the square roots of the times are proportional to the 
numbers 6*7, 9*46, 11*0 and 13*4. 

Svedberg obtained the following values for the displacement 
of gold particles over varying time periods, confirming the 
anticipated relationship ■/ — k 


i in 


1', in /X 

secs. 

X in /X 

calc. 

1 

1-2 



2 

1-6 

1-7 

3 

2-0 

2-0 

4 

2-4 

2-4 

5 

2-5 

2-8 


X ol)S. 

./' calc. 

40 


5-4 

5-7 

6-2 

6-9 

7-8 

8-0 
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For particles of a radius r = 22/x/x the absolute displacements 
were calculated by the aid of Einstein’s equation and com- 
pared with those determined by the aid of the ultramicroscope. 
He obtained 


t in secs. 

J in n calc. 

.r in IX obs. 

Diiference 

1 

4-3 

4*1 

f 0-2 

2 

5-S 

5-8 

— 

3 


7« 

- 1-0 

4 

8-3 

8-2 

+ 01 


By observing the velocities of particles of radii 5 x 10~^ and 
2-13 X 10“® cms. respe(;tively for equal time intervals, the square 
of the velocities were found to vary inversely as the radii ; thus 
with a thirty second time interval the following data were 
obtained : 


10“ cms. 

.7- calc. 

1 J' obs. 

2- 13 

3-4 

3 b 

r>-oo 

1 f)!) 

i-5r> 


By determination of the velocities of particles in water at 
various temperatures, Exner (Zoc. cit,) was able to show the 
dependence of the velocity on the temperature and viscosity of 
the medium he found: 


t 

?■ 10^ cms. 

T° C. 

V 

X 

014 second 

4-5 ■{ 

21 

71 

•01 

•004 

330 

510 


It /2\y 

whence a / : a / — : : 1 : 1*7 and : : 1 : 1*6. 

These experiments have been extended and confirmed by 
Seddig with the aid of a microphotographic camera to the case of 
suspensions of cinnabar (Phys, Zeit. ix. 465, 1908). 

Svedberg (Die Existenz der Molekule, Leipzig, 1912) employed 
as observational method a thin flat cell through which the 
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colloidal solution was run at a slow and known rate. Tlie par- 
ticles viewed through a microineler (‘yepieee are seen as curves 
of light moving with a given aniplitiule A and wave length A. 
All the particles, however, cannot be regarded as possessing a 
motion of a purely oscillating character about the axis of thci 
flowing stream, and thus Sved berg’s nu'tliod of examination of 
the displacements .7 in given time int(*r\ als is liable to be some- 
what inaccuratc‘. Nevertheless, as the follow ing data indicate, 
good agreement between the (‘xperinu'utal ligures and the 
theoretical expectations was obtained. 




Plal iniiiii 

partich 

■H /• 

llispersi< )ii niedi uni 


- — 


l . UP 
secs. 

. 1-17 



7J UP 

A ID fi 

r 

Acetouo 

i 

32 

0 2 ; 

U> 

7*8 

Ethyl alcohol 

ill 

40 

30 

14 

">•04 

Amyl acetate 

' 18 

r>*f» 

20 

13 

3'7t 

Water ... 

20 

10-2 

21 

(tOf) 

0*72 

??- Propyl alcohol 

20 

224) 

1-3 

0-45 

8-0 


It will be noted that the value of the expression ^ 
approximately constant. 


Gold Scspension. 

No. of partiolos jjor 384 ^ 1-4. 


71 , 

Fractional frequency of oc< urr(*Dc(‘ j 

1 

_ 




Obs. 

Galc". 

lJiff(‘renc(‘ 

0 

007 

0*02 

t 0 05 

1 

0-08 

04 »8 

0 

2 

0-11 

010 

- 04)5 

3 

013 

0-20 

- 0 07 

4 

0-23 

0-20 

-h 04 »3 

f) 

01 9 

015 

+ 004 

6 

012 

04)9 

} 04)3 

7 

0(>4 

1)4)5 

001 

8 

002 

002 

0 

9 

0-01 

001 

0 
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In Einstein’s formula J; = 4tA, hence the anticipated dependence 
of -4 2 on the viscosity and time of amplitude is amply confirmed 
by experiment. 

Mercury Suspension. 

No. of particles per 384 fP = 0*5. 


1 Fractional frequency of occurrence 


Oba. 

Calc. 

Difference 

0 

0-07 

0-0.5 

-1 0-02 

J 

0-15 

0-15 

0 

2 

()-2] 

0-23 

- 0-02 

3 

0-21 

0-22 

- 0-01 

4 

016 

017 

- 0-01 

5 

Oil 

0-10 

+ 0-01 

6 

004 

0-05 

-- 0-0 1 

7 

004 

0-02 

+ 0-02 

8 

001 

0-01 

0 


Svedberg has likewise examined v. Smoluchowski’s equation 
for the fluctuation in concentration of suspensions with the time, 
experimentally with the aid of a Siedentopf -Zsigmondy ultra- 
microscope. Two suspensions were employed, one a gold sus- 
pension of mean particle radius 29/x/x, the other one of mercury 
of mean particle radius llfjLfjL, The data given above are typical 
of the results obtained. 


7. Electrolytic coagulation. 

It has been noted that for substances which do not yield ions 
in solution, such as charcoal, the charge is always produced by 
the preferential adsorption of an ion from the solution, e.g. the 
hydrogen ion. For substances which yield ions in solution, e.g. 
the hydroxides, it is evident that the charge can be accounted 
for by superficial ionisation (see Zsigmondy, Kolloidchemie; 
Wolfgang-Pauli, Trans. Farad. Soc. xvi. 6, 1921), e.g.: 

{Fe (0H)3}. {Fe (OH) 3 (,_i, Fe + OH', 

or {H^SiOg}, -> {(H 3 Si 03 )._iHSi 03 }' + H\ 

In some cases also the charge may be attributed to the en- 
trainment of impurities in the substance during its preparation ; 
thus in the formation of arsenious sulphide from the oxide and 
hydrogen sulphide there is little doubt that the colloidal arsenious 
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sulphide contains hydrogen sulphide which undergoing partial 
ionisation results in the formation of a negatively charged 
colloid 


j AS2 833. II2 S I [AS 2 S 3 (a._i)Il 2 SH 8 t ' „ 

I H,0 Pi H,0 ) 


As^Sjk.^- I) II2S 
H 2 O . 8 


2 H* 


The coagulation and eventual precipitation of colloidal sus- 
pensions by electrolytes are tlie result of a series of reactions 
which in general cannot be isolated one from tlie other. 

Coagulation, the result of approach, coiita(;t ami (joalesc-eiuie 
of the particles of the susponsoid, is evidently himhued by any 
factor which may retard one of these tJiree actions. Th(‘ apj)roach 
of one particle to another is brought about by the thermal or 
Brownian movement of the particle's within the medium, and 
factors such as low temperature, high viscosity of the medium 
or large particle size will evidently diminisli the rate of approach. 
When the^ particles aie in close pioximity to one anotluu*, actual 
contact will be prevented if the particles j)ossess ek‘ctric charges 
similar in sign, due to the a(;tion of electrostatic repulsion. The 
particles will possess no net charge, i.e. thtdr surface^ will be 
covered with the same number of cations and anions, and will not 
repel one anothc^r at the isoiicctric })oint wlu'u th(‘ capillary 
attraction can operate etre(*tivcly (Hardy, Ftoc. Roy. Soc\ A, 
LXVi. 110, 1900). 

Actual electrostatic attraction may indeed take platie between 
particles at the isoelectric point by processes whi(di can bc^ 
represented diagranimatically, as follows. 

If the electric double layer is to some extent movables over the 
surface of the particle, we may imagine at the isoelectric point 
the effect of the mutual approach of two particles i)ossessing 
each an equal number of cations and anions, e.g. H’ and V\’ , in 
which the cations are most readily adsorbed in the diagram 
on p. 384. 

The normal distribution of ions in the double layer will be 
altered ; in one particle the anions may be drawn to the exterior 
of the double layer, in the other the cations ; the ions of opposite 
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sign will move away, and the sides of the two particles in close 
proximity to one another will thus exhibit opposite polarity. 

On the assumption of a somewhat mobile double layer, 
electrostatic attraction between particles may occur, due to this 
displacement effect, even if the total net charge be not zero, 
i.e. coagulation may take place before the isoelectric point is 
reached. The data of Zsigmondy on gold particles, and of Powis 
{Zeit. physilcal. Chem. lxxxix. 186, 1915) on oil particles, have 
indeed shown that the optimum point for precipitation is not 
actually at the isoelectric point, although in the case of gold 
practically complete discharge of the double layer had to take 
place before coalescence. 






Powis found in the case of oil emulsions, that a relatively large 
electrokin etic potential, ^ — 0*040 volt, did not prevent coagu- 
lation, an indication that the surface adsorbed layer is more 
mobile than for gold. 

In addition to electric charge between particles, other factors 
are in some cases operative in preventing actual contact ; thus 
the medium may be strongly adsorbed by the surface, and the 
thin film may not readily be displaced on collision of the two 
neutral particles; in other cases a tough elastic film may be 
formed, possessing definite mechanical strength and necessi- 
tating a violent impact to ensure rupture. 

Coalescence does not immediately follow after contact. 
Zsigmondy has noted, in the case of gold sols, under the ultra- 
microscope, that the small primary particles coalesce on contact 
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to form secondary particles, that a primary will coalesce with a 
secondary, but two secondary particles do not coalesce. 

The primary action of an electrolyte in the coagulation of a 
suspension is tliat of adsorption which is govt'rned by the ]*ate of 
diffusion. Subsequently the discharged or ]iaiiially discharged 
primary particles coal(‘Sce, tlie colloid becomes more (coarse, the 
secondary particl(\s grow in number, and tinally the colloid 
flocculates. If a coagidating electrolyte bc^ added to a sus- 
pension in increasing concentrations, tlie velocity of aggregation 
first rises rajiidly with the concentration, and tlu‘n more slowly 
to a maximum value. At this con(*entrati(m may assume that 
on every approach of two neutral jiarticles to within a ceitain 
critical distance coalescence occurs, but in more dilute solutions 
only a certain fraction of the approaches are o])erative in pro- 
ducing coalescence. 

The following curve obtained by Zsigmondy (KoUoidchernic^ 
III. p. 67) on the effect- of strontium ehloruh' of different con- 
centrations on the ratc^ of (-on version of a rf‘d into a blue colloidal 
gold, indicates clearly the two regions of coagulation, one for high 
concentrations of electrolyte where the rate of precipitation is 
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25 
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practically independent of the concentration, and the other where, 
as has already been mentioned, every collision is not effective in 
producing coagulation and the rate of precipitation is greatly 
affected by the concentration of the added electrolyte. 

Zsigmondy noted that the time of coagulation in the region of 
high concentrations (a— a) was not only independent of the con- 
centration but also of the nature of the added electrolyte, being, 
for the particular gold sol investigated, a pe^riod of from 5 to 
7 seconds. In this region we must assume that every collision 
between primary particles results in adherence, and the rate of 
adherence will thus be dependent on the magnitude of the 
Brownian movement causing the particles to diffuse within one 
another’s spheres of attraction, v. 8 moluchowski {Fhysikal. 
Zeit. XVII. 587, 1916; Zeit. physikal. Chem. xcii. 129, 1917) has 
calculated the rate of coagulation of a sol taking into considera- 
tion that not only do the primary amicrons but the secondary, 
tertiary and those particles of a higher state of aggregation 
continue to increase during the process. 

If Pq be the number of primary particles originally pre^sent in 
the sol and after a time t there be Pj , Pg , P 3 primary, secondary 
and tertiary particles present, v. Smoluchowski showed that 


= p ,, h- P3 = 




where j 8 = 87 rPoi>r in which D = the diffxision coefficient and r 
the radius of the particle ( 2 r being taken as the mean distance 
apart of two particles when within one another’s sphere of 
attraction). 


Also 




p.=- 7 


J\pt 

(I 1- 


(1 + • 


The half life of the suspension, i.e. the period which must 
elapse for the total number of particles to be reduced by coagu- 
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lation to one-half, the primary partieles l)eiiig simultaneously 
reduced to one-quarter of their original ii umber, is i^iven bv 

1 1 _ 

^ Hw Dr • 

With thc^ aid of the above e>w])r(‘ssious th(‘ iiumbcu’ of partick's of 
various complexities jm^seiit in tlu* solution aft(M‘ a tiuu* I 
expressed as a fraction or multi|)le of tlu* half life r can readily 
be calculated; these are graphed in th(‘ following cui va'S. 

V. Smoluchow\ski\s formula lias been t(‘st(‘(l both by an (ex- 
amination of the rate (jf deei (‘a,se of t he j)rimary pai*l iclcs pi (*s(‘nt 
in a gold suspension undergoing coagulat ion and also by counting 
the rate of decrease of the total nnmbi'r of particles in similar 
suspensions. 



The data given overleaf were obtained by Zsigmondy {Zeit. 
physikal. Chew,, xcii. 600, 1918) for the rate of decuease of 
primary partick^s in a gold suspenskui undergoing coagulation. 

The mean radius of the sphere of action arcjund each particle 
calculated from the observed rate of coagulation is 31-82 x 10“’ 
cm. or some one and a quarter times the actual radius of the 
particle. 

Similar results have been obtained by Westgren and Ilcitstdtter 
{Zeit. physikal. Chem. xcii. 750, 1918) with gold suspensions 
somewhat coarser than those employed by Zsigmondy and by 


25-2 
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Kruyt and v. Arkel (Rec. d, Trav. Chim, d. Pays-Bas, xxxix. 
656, 1920) for selenium. 


Pq = 0*27 X 10^®; raxlhis of particle 24*2 x 10~'^ cm. 


t secH. 

Pi obs. 

(relative value) 

/3 

2 

Pj calc. 

0 

197 


1-97 

3 

1-56 

(0-040) 

1-76 

20 

102 

00195 

1-04 

40 

0*66 

0-0183 

0-64 

40 

0-76 

(0-0153) 

0-64 

60 

0*44 

0-0187 

0-44 

80 

0*49 (?) 

(0-0126) 

0-31 


In the following table is given the rate of decrease of the total 
number of particles of a gold suspension undergoing coagulation : 


t secs. 

2P X 10 « 

^ calc. 

0 

2-69 

_ 

60 

2-34 

0-149 

120 

226 

0-098 

240 

202 

0-083 

420 

1-69 

0-083 

600 

1-47 

0-083 

900 

1-36 

0-065 

1370 

1-20 

0-057 


On the addition of small quantities of electrolyte all the 
amicrons are not discharged by ionic adsorption. Only those that 
are completely discharged or those for which the electrokinetic 
potential has been reduced below the critical maximum will 
actually adhere to one another on contact. We should thus with 


V. Smoluchowski {loc. cit.) replace the half life period t = 


1 

SttDtPo 


by an expression t === 


1 

SttBtP^ 


where x is the number of suc- 


cessful collisions. 

This expression for the slow coagulation has in fact been con- 
firmed by Westgren (Arkiv for Kemi, Min. och Geol. vii. 1918) 
for coarse gold suspensions, but the investigations by Paine 




ELECTROLYTIC COAGULATION 


389 


{Kolloidchem. Beihefte, iv. 24, 1912) on co})})or suspensions; 
Miyazawa (J.G.S. Tokio, xxxiri. 1179, J912), Isliizaka {Zt'i.f. 
physilcal. Chem. Lxxxiii. 97, 1913 ; Lxxxv. 398, 1913) and Gann 
{Kolloidchem. BeiJiefte, viii. 65, 19l(i) on alnniiniuni hydroxide, 
and Lo tier nioser {Roll. Zeit. xv. 145, 1914) on Innosl ic acid, and 
Wiogner {Roll. Zeit. vttt. 227, 1911) and Galeeki {Zjclt. anortj. 
Chem. Lxxiv. 174, 1912) on gold, have shown 1 liai the rate of 
coagulation over the sensitive range of (‘lectrolylc' eoneeiil rat ion 
is not a simple reaction of tlie first order as pos1nla1(‘d i)y the 
above considerations but btdiaves as if tlie reactt i(on wert‘ anto- 
eatalytic in that the reaction velocity of coagulation cniu b(* 
expressed by means of an (‘X]m‘ssion of Ihe type 

As an example the following data obtaiiK'd by (hxnn {loc. cii.) 
on the flocculation of an aluminium hydroxide sol v ith potassium 
chloride (60 millimols K(4 pc‘r litre) may be cited. 


Til in. 

V 

.. 

! /. 

1 

() 

52 4 



2 

52-4 


i 

5 

52-4 

— 


10 

52-4 

— 


15 

520 

•0172 

i (-oon) 

22 

52-S 

•0345 

(•0018) 

30 

530 

•0517 

i -0021 

40 

53 3 , 

•0776 

•0022 

50 

53-7 

■1120 

•0021 

60 

54- J 

•1465 

! -0023 

75 

54*5 

i 1810 

•0023 

90 

i 551 

1 -2328 

•0023 

105 

i 55-(i i 

•2758 

i -0024 

120 

56-2 ! 

•3275 

-0024 

140 

57 '0 j 

•39f*)6 

•0024 

160 

57-8 

'»7oo 64-() 1 

•4655 

i 


The rate of coagulation of night blue exa-mined by Jfiltz and 
Steiner (Zeit. physilcal. Chem. lxxttt. 507, 1910) and of benzo- 
purpurin (Biltz and v. Vegesack, Zeit. physilcal. Chem. lxxiii. 
500, 1910) likewise appear to conform reasonably (dosely to a 
reaction of the autocatalytic variety. 
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No satisfactory explanation for the autocatalytic behaviour of 
the flocculating suspension has as yet boon advanced. The rates 
of coagulation have been determined in a variety of different 
ways, by ultramicroscopic counting in the case of gold, by 
alterations in the viscosity in the case of aluminium hydroxide, 
by the amount of precipitate separating in given times for the 
copper, and the increase in light scattering in the case of tungstic 
oxide. That all should indicate an autocataJytic action would 
appear to preclude any error being intrrxluced by the nu'thods 
employed for as(H‘rtaining the rate; we arc^ thus forced to con- 
clude that large particles formed by the aggregation of numerous 
amicrons act as nuclei on which further aggregation can occur 
more readily than on amicrons or small aggregates. When the 
suspension under examination is in motion the quantity of 
liquid streaming past and in the spht're of influence of a large 
aggregate will naturally be greater than that flowing past a 
smaller particle, and thus the num her of possible^ (contacts between 
the amicrons in tlu^. streaming liquid and the particles will 
increase rapidly with the size of the particle. This possible mode 
of mechanism for the autocatalytic nature of the process has 
been suggested by v. Smoluchowski (Zeii. p/iysihal. Cheni. xni. 
155, 1917). Apart from such mechanical effects, however, it 
would seem possible that the alteration in the elcctrokinetici 
potential of the aggregate on growth would lead to such an 
autocatalytic action as observed. We have already noted that 
coagulation may occur when this potential fall is not zero, but 
slightly greater. If we imagine a particle with the critical 
electrokinetic pcitential it can only coalesce with an uncharged 
amicron. If the original charge be e and the radius of the particle 

r the potential of the particle will be where K is the s.i.e. 

of the medium. After coalescence the effective volume of the 
particle will be larger and its intrinsic potential consequently 

g 

reduced to where r' is obtained from the relationship 

If the diminution in intrinsic potential is accompanied by a 
corresponding decrease in the electrokinetic potential, the new 
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aggregate will now not be at the critical point but will b(‘ a1)le to 
coalesce with another parti(*le which })ossesses a. slight eU‘('tro- 
kinetic potential. Thus aggregates will lx* built up which can 
react more readily than the small otk^s owing 1o a decr(‘as(‘ in 
the interfacial |)otentiaIs. 

8. The adsorption and entrainment of ions. 

Colloidal sus})ensions ami emulsions accpiirc' tluar cliargc’! 
owing to preferential adsorption of eations or anions, thus a 
negative suspension or (‘uiulsion will be precipitated on the 
addition of an eh'ct rol yt<' containing a readily adsf)rba.bl(' cation ; 
the added electrolyte howevaa- contains an anion as w(‘ll. and 
tends to counteract the elh'ct of t he cat ion, Ikmicc' t lu* amounts of 
various electrolytes containing a common (;ation necessary to 
produce coagulation will vary Avith the nature of the anion, as 
is instanced by th(' following data on th(‘ minimal amounts r>f 
electrolytes necessary to ]>recij)itate identic;a,l (piantities of t la' 
same sus])ension- 

j Minimal prt‘Ci|M(at insi conceal rations 
(V)Iloiil ►Siuri niillimols per litre 

i Platinum ! i Na(M 2-5 NaOH 1 3 (H)n 

I Fe(()ll)j I , I lUM pun Ha(M^, 1)04 

lu the former ca-s(‘ the sodium is the y)ri'cipitat ing ion, in t he 
latter the chloruh'; it is evident however that the hyflrf)xyl ion 
is more readily adsorbed by the platinum than the chlorid(% 
necc‘ssit ating a greatly increased concentration of the sodium 
hydroxide to effect precipitation. 

A suspension or emulsion acquiring a ])ositive charg(^ owing to 
seilective adsorption of a positive h)n, (^g. H ion, Avill leave in the 
surrounding medium in the double layt'r an equal and opposite 
charge, e.g. a chloridt' if)n ; on the addition of a fresh electrolyte 
possessing a moi’e readily adsorbable anion, c^g. Na.^SO^, a 
reaction will occur: 

Colloid 21? +Ta' + 2Na’ + SO/" -> Colloid 2H*SO/' + 2Na* + 2C1". 
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The suspension or emulsion will be coagulated and the coagii- 
lum or precipitate will contain the coagulating anion in amount 
necessary to give the original suspension electric neutrality. 

Crum (Ann. Chim. Pliarm. Lxxxix. 156, 1854), analysing the 
coagulum produced by the addition electrolytes to aluminium 
hydroxide, showed that the acid or salt necessary for coagulation 
was always present. Linder and Picton (Zoc. cil.) in their in- 
vestigations on the precipitating power of various cations on the 
negative arsenious sulphide suspension showed that the pre- 
cipitate always contained the cation, but never the anion of the 
precipitating electrolyte, e.g. Ba“, on the addition of barium 
chloride. 

Whitney and Ober (J.A.C.S. xxm. 824, 1901) on careful 
analysis of these precipitates found that the amounts of positive 
ions entrained were proportional to their electrochemical equi- 
valents, as indicated by the following table: 



ions adsorbed 

Ton 

by lUUc.c 

. ASgS;, sol 




ol>s. 

cab'. 

Ba 

7-6 

(7-6) 

Ca, 

2-0 

2-2 

Sr 

3-9 

4-9 

K 

3-6 

i 4-3 


The precipitate on analysis gave the ratio Ba : OOAsgSg. The 
constancy of the ratio however depends entirely on the size and 
charge of the arsenious sulphide particles, since the reaction 
proceeds to the isoelectric point, i.e. electrical neutrality, and is 
therefore independent of any definite stoichiometric ratio of 
reactants. 

Gann (Kolloidchem. Beihefte, viii. 127, 1916) has likewise 
measured the adsorption of various precipitating anions by 
colloidal aluminium hydroxide and found that, although the 
liminal concentrations necessary for precipitation are very 
different, yet precipitation is caused on adsorption of equivalent 
concentrations as indicated by the following figures. 
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Anion 



Picrate 
Oxalate 
Ferri cyanide 
FoTTOf‘vani(i<‘ 


Jjiiiunal 
concent ration 
miUimols |K‘r litic 

■'t (ft 

4(H) 

0 .‘K) 

010 

o-os 


Ails( )iL)('d 
quant dy in 
mil li -e(j ii i v'n leiits 

(I .»0 

O IS 
o-;i() 

0-:27 

0 - 21 ) 


Similar invtNsiigatiojis by Sen {Biochnn. Zrif. f’LXix. HUl, 
192(.>) liave shown, as is to bo anticipated. Dial as in g('nenil bol li 
ions are adsorbed the f)reeipitate analysis cannot conform 
strictly to the eqiiivaltMjt role since this rt'fers only to 1 he excess 
adsorption of the precipitating ion. 

Kabinowitsch and Kargin (Zeif. physical. (Jhat). rxxxiii. 203, 
1928) conclude from j)otentionictric measurements that, on the 
addition of a (JO«agulating salt such as sodium sulphatt' to a 
ferric hydroxide chlorine ion containing sol, prior to coagulation 
chlorine ions are displactnl from the colloid by the sulpliate 
ion, and the composition of such a, sol is accordingly 
[{Fe(OH) 3 }^ {Fe (Cl Fe(OH)jj]+ Cl', the cldorine ion consti- 
tuent of the particle being first replaced by SO^" ions on the 
addition of the electrolyte. 

Tn the adsorption of a monovalent, divalent and tri valent ion 
the amounts adsorbed to produce electrit^al neutrality will stand 
in the ratio 3m : 2m : m, whilst, if the adsorption is assumed to 
follow the Freundlich isotherm the bulk conctaitratioris C, , 

Cg necessary to produce jirecipitation will evidently follow no 
regular order, but be dept'ndent cm tJn^ variables a and n of the 
isotherm expression. Thus on the addition of aluminium chloride 
to arsenious sulphide some 50-00 % of the aluminium ions are 
adsorbed, whilst with monovalent cations only about 1 % is 
adsorbed. 

Freundlich (Ka pillar che^nic, pp. 150-151; Zeit. physikal. 
Chem. DXXlii. 404, 1910) assumes that different ions are equally 
adsorbed at t^qual electrical concentrations. In the light of more 
recent investigation this assumption has been shown to be 
perfectly unwarranted. 
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In some cases adsorption of the ion resulting in precipitation 
may promote apparent hydrolysis, as instanced in the case of 
charcoal (p. 275); thus if gum mastic suspension in wate^r, a 
negative colloid, be floated on a solution of copper sulphate the 
coppcM* ions will be adsorbed and the solution will be left feebly 
acid a phenomenon noted by Spring {Hex:.. Trav. Chiin. Fajj'i- 
Bas, iV. 215, 1900). 



The replacement of a i)ositive ion in a negative colloid by 
another positive higher valent ion more readily adsorbable may 
result in electric neutralisation and consequenf. precipitation. 
Thus Duclaux {J.P.C. v. 1, 23; C.R. cltv. 1420, 1912) noted that 
negative suspensions of copper ferrocyanide prepared from the 
potassium salt always contained potassium and were precipitated 
in the usual way by other positive ions, e.g. H‘, Ba”, Al'**; the 
potassium ion however could afterwards be detected in* the 
medium , indicating a replacement by the more readily adsorbed 
ion. The potassium was originally probably not part of the 
original complex feiTocyanide molecule, but adsorbed by the 
suspension from the solution. A similar displacement effcH3t has 
been noticed by Pauli and Matiila {Roll. Zeit. xxi. 49, 1917) 
in the case of sulphate ions displacing the less adsorbable 
chloride ions on ferric oxide. 

9. Lyotropic series. 

In the adsorption of electrolytes by charcoal it was noted that 
the organic ions were strongly adsorbed; in decreasing order of 
adsorptive power the hydrogen and hydroxyl followed by the 
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other cations and anions in a r(‘giilar series. Tlie factors delt^r- 
miriing the position of the ion in tliis, the lyolroy)i(i series, wen- 
primarily the vale'iicy, and secoiKily its <‘l(‘ctro]jositive nature' 
and me)bility\ 'The phenonienon of coagulation of snsj^eaisions 
gives a rough indication of th(‘ degrcH* of adsorption of a ])ai ticular 
ion, and the coagulation concentrations of val•iou^^ eU'ct rolyte‘s 
for suspensions has f)ee‘n tlie object of many systemiatic in- 
vestigations, notably by Schulze {J . f. ju-ahf. \\\’. 431, 

1883; XXVII. 370, 1S83; xxxii. 300, ISS4), Linder and Picton 
{J.C.S. LXI. LXVII. LXXi.), hYeundlich {Zeit. /ilftfsii.ftj. ('lunf. 
LXXUI. LXXLX. LXXX. J.WMIJ. 3.X\X\. LXXWI.), WlutJiaui 
{Phil. Mag. XLViii. 474, 1800), iiat'dy {'/.g/ Pfufsiol. \\xm. 2.78, 
1005) and otluas. 

10. The valency rule of precipitation. 

The efTect of valency on preei])itatory povvea* is most marked . 
the polyvalent ions ])eing much moix' etfective than tiie mono- 
valent ions. As a rough apj)ro\iinatioji tiu' liminal conc^ent ra- 
tions, i.c. the concern! rat ions in liulligram ions per litre m‘C(‘ssary 
to cause coagidation, vary vvitti the valency in the f)roporlion 

Valencv 1 : 2 : 3, coagulative concentrations 1 : ^ , where x 

X a- 

is a constant ap})roximately 30, Tlu^ coaguIativ(‘ powers, i.(*. 
the reciprocal of tJ)e coagulative conecajtrat ions of mono-, di-, 
and tri-valeiit ions, sliould thus stand in the ratio I : 30 : 000. 
The following ratios represent the averages of a number of 
readings by the various inv(\stigators : 

Freundlich 1 ; 104 : 810 

Linder and Pict-on 1 : 03 : 803 

Schulze 1 : 40 : 810 

Evidently the valency relationship is by no means rigid, and in 

addition the various observations do not agree amongst thcan- 
selves. It has already been noted that thci pro(;ess of coagulation 
is the result of a series of indeiJendcmt operations primarily 
dejiendent on an adsorptive process due to dillusion ; the manner 
in which the experiments are conducted thus affects the liminal 
concentrations observed. The addition of a strong solution of an 
electrolyte to a dilute suspension will produce local precipitation. 
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whereas the addition of large quantities of dilute electrolyte to 
a concentrated suspension will not produce any effect, although 
the final dilutions may be identical. 

Again, it is extremely difficult to define precipitation. Small 
quantities of electrolyte will produce coalescence of the ultra- 
microns and the amicrons, producing a coarser suspension before 
actual precipitation occurs ; this again may only be partial. 

The following method of comparing the precipitatory power 
of electrolytes has been found to give very uniform results. 

The dilutions of electrolytes are so arranged that equal 
volumes of solution are added to equal volumes of the dispersion. 
The addition is performed rapidly, e.g. by adding 10 c.c. of 
electrolyte to 10 c.c. of suspension in test tubes. After thorough 
admixture the time elapsing to produce a standard degree of 
coarseness in the dispersion is noted. The standard can con- 
veniently be made by the addition of small quantities of electro- 
lyte and allowing the suspension to sf and overnight. The degree' 
of coarseness of the control is immaterial, provided precipitation 
does not take place. The concentration-time curves of various 
electrolytes can readily be compared in this manner. 

Burton and Bishop (»/.P.(7. June, 1922) and Kruyt {Roll. Zeit. 
XXII. 81, 1918; Rec. Trav. Chim. Pays-Bas, xxxix. 656, 1920; 
XL. 249, 1921) have found that the ratio electrolyte : colloid is 
not the only governing factor in the production of coagulation ; 
this ratio varies with the actual concentration of the suspension 
employed, and appears to obey a regular rule, which may be 
formulated as follows. 

The ionic concentration necessary to produce coagulation 
varies with increasing concentration of the suspension; with 
monovalent ions the ratio electrolyte : suspension necessary in- 
creases, with tri valent ions it decreases, with divalent ions the 
ratio appears to be independent of the concentration. 

The valency of the precipitating ion is however not the only 
factor operative, as is tacitly assumed in the law of precipitation 
already discussed. This fact is clearly brought out in the order 
of adsorption of various ions on the surface of charcoal. A glance 
at the table indicates that in a definite series, such as the 
alkali metals or the halides (Pappada, Roll. Zeit. iv. 56, 1909) 
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tli6 clGclropositivo iiaturG of tfic GloiiiGiit is tin iiiiporlant 
factor. 

W^e note also the inlliieiice of tlu* solubility of the product 
formed by interaction of the precipitating ion Avith the surface 
of the colloid in the following data presented by .Kreundlich for 
the precipitation of inen iirie sulphide. 


Salt 

Liminal concentration 
millimols/Jitre 

Salt 

Liminal coiicentrat ion 
iriilIiinols/l]( re 


AoXO^ : IlwNo, 

n*44 I 0 071 
TI)(NO.).^ i Nad 
()-:r> ! i:tn 



( 'iiS( >, 

11^4'], 

UU 

OU47 1 

Oil 

K('l 

TMlir. 

( V(N()., 

lo 0 

0 (;s 

0 or»i) 


11. Ionic mobility and adsorbing power. 

There t'xists also a relationship between th(‘ adsorbing pow(‘r 
and the ionic mobility, a point diweloped by Mukherj(‘o (7Vrt//.s*. 
Farad. Soc. xvi. 103, 1921) embracing the following assunijdions. 

An ion adsorbed on the surface of a suspension will draw lu^ar 
to it an ion of opposite sign in the solution; thes(‘ ions iii the 
double layer are thus bound and can only esca])c if their kinetic 
energy exceeds a definite critical value W. If llie (diomically 
adsorbed ions have a valency iij and >?2 valency of the 

opposite charged ions in the liquid of dielectric constant K in 
contact with the solid and separated from the former by a 
distq,iice S, we obtain 


where € is the electronic charge. 

The probability of an ion remaining fixed is given by 1 — 
where k is the Boltzmann gas constant == 1*372 x 10 
erg/degree, T the absolute temperature. There will thus be at 
any definite temperature a number of free ions and ions bound 
to the double layer ; the free ions will, as it were, form a second 
sheet in the double layer. 

On the assumption that the double layer is of the order of 1 A. 
(see p. 316) thick with a surface charge of 1 to 2x lO^c.G.s. 
units, equivalent to lO^^ monovalent ions per sq. cm., the mean 
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distance between the ions is 3 x 10”® cms., a distance extremely 
great compared with molecular dimensions. Mukherjee assumes 
in consequence that the neighbouring ions have but comparatively 
little effect on an oppositely charged ion at its position of mini- 
mum electrical energy. 

The maximum amount of an ion of opposite sign that can Ix' 
adsorbed per unit area is equivalent to the charge per unit area. 
If we denote the number adsorbed of valency rq by N, tlu' 
maximum number of opposite sign that can be adsorbed of 
valency ^2 is expressed by the relationship 

(ii)- 

If we denote by 0^ the fraction of this maximum adsorbed 
when equilibrium has been reached in presence of ions of opposite 
sign in solution having a concentration c, then the rate of evapora- 
tion of these adsorbed ions must be equal to the number 
readsorbed in the same time. 'J''he rate of evaporation per unit 
surface is evidently 

K^OjN (iii), 

where is a constant and the number of ions adsorbed 

per unit surface. The rate of adsorption depends on two factors : 
{a) the rat(^ of collision of oppositely charged ions and (6) the 
number of places where adsorption is possible, that is, the spaces 
left by the free ions. Tliis is given by 

A’- (iv). 

The rate of collision (a) is determined by the rate of diffusion of 
the ions to the surface, and by the electrostatic attraction 
between the ions. The former is equivalent to the action of a 
RT 

force equal to , whilst the intensity of the electrical field is 

proportional to the density of the charge on the surface and 
equal to 

(v). 

Since N and are constants for the same surface we may write 
this expression as iiTg (1 — ^i) n, where is a constant. In com- 
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parisoii with the enormous electrostatic lielil the dhliisive force 
is negligible. Xhider these conditions the I'ate of collision is given 

K^{i - (vi), 

where C is the ionic concentration in tlu' licjiiid in co?i1af*t with 
the surface and V the ionic nu>t>ility. The rate of adsorption, 
being proportional to therat.e r>f <*ollision and t he ,s] 3 ac (\s a vaila!)le, 
froni equations (iv) and (vi) is given by 

A'ljA' ' I - !(i “ e,)('rH,]. 

Finally for equilibrium we obtain the rtdatitmshij) 

_ n* , 

= K^N (^^ - l\ , (1 - t),) njHJ. 

ir 

+Since A", 712 , h and e are constajits for t he sa-nie ion we obtain 


k"- a {\ - "wy,) (I - 0 ^) 


.(«), 


where 


Aj - 


JLikewise for tlu* fraction of the original ehaig(‘ not n<ait.ralivsed 
by adsorption we have Q \ ~ 0 {h) 


Evidently the electrical adsorbability of an ion of op})osite 
charge is dependent on the product 7i,(^ or its valency and its 
mobility. Thus for a negative surfaet* Mukherjee giv(‘S the 
following order of adsorption: 

Th > A1 > Ba > Sr > C^a > Mg > H > ( !s > Rb , - K :: Na ^ Li 
forming a lyotropic series, whilst for the anions th(^ order should 
Br>N(>„>SCN 


CiO^ ;> 80, > OH C) , C OOK K. 

Mukherjee has extended his livpothesis to a consideration of 
the effects of electrolytes on electric endosmosc, utilising the 
data of Elissafoff {Zeit, physikal. Ghe7n. lxxix. 385, 1912) (see 
p. 325). 

On the assumption that at a glass -electrolyte interface 
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hydroxyl ions are adsorbed, the fraction of the original charge 
neutralised by adsorption can be calculated from the above 
equations as follows. From (a) and (b) 

6>2 = 

Tlj 7L 

= (kc'^ ^2 + Kce^^. 


or 


kCO.^ I So kC 


n 

— 71 




Li-1 1 


N 

J 


1 - 0 . 


For hydroxyl ions = 1 and ])utting 7i^ - 1 for the adsorption 
of an oppositely cJiarged jnonovalent ion we have 
kCO^^ + _ 1 . 0 . 

For a divalent ion 

(kC +0-1-0. 

The following data calculated with the aid of these e(|nations 
show a remarkably close agreement with those calculated by 
Elissafoff. 


Electrolyte NaCl, k = -0076. 


(jrlass caj)illary 
concentration 
10~® grm. ion 
per litre 

50^2 obs. 

50^2 f*alc. 

22-5 

43 

43-4 

68-0 

37 

36-4 

1360 

31 

30-6 

2250 

26 

26-4 

2240-0 

8 

10-6 

4500-0 

5 

7-8 

Electrolyte BaCl 2 , k = • 

0163. 

Glass capillary 



concentration 

50^2 ®hs. 

50^2 calc. 

10“® grm. ion 

per litre 



2-2 

47 

46-7 

4-4 

46 

44-0 

6-0 

41 

. 42-0 

22-0 

28 

31-5 

110-0 

15 

150 
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The two factors of valency and ionic; mobility ai'c however not 
the only ones to be considered in the phenomenon of adsorption, 
since the lyotropic scries devc4opod from thc‘se considerations 
alone should remain invariable in all cases ot coagulation. Tliis is 
far from being the case ; the older \ aric‘s in a maiked manner with 
the nature of the suspension. In addition, no a.decjiiate explana- 
tion of the abnormal })ositioii of th(‘ organic ions is forthcroming 
on this hypothesis. Banc;roft {Second H( port on(-olJoid Chonistnj, 
]). 10, 1918; Applied (Ujlloid Chenrislrip p. 215) Jias made a 
careful summary of the series in older o! precipitation, a-s ob- 
served by numerous investigators, wliicii clcarl\ indicate* that 
chemical factors cliaracteristic of sus])eusion and elc‘ctrolyte 
c annot be ignored. The following may be c;it(‘cl; 


(Udl(nd ()rd( I lirf) n nrr 


Sulphur 

Ba Sr ' 

Ca. . ^ 

A1 

Mg(\s 

Kb 

• K 

Oden, Prr KuUoidt’ 


NiC< 

1 Zn 

Na 

NH 

, -Li 

II 

Srhm fd, ci.\ i. 1012 

Platinum 

A1 Pb . - 

Ba . > 


K Na 



IVeundlieh, Ktipdlar- 







chi w. p. 352, 1009 

Silver 

A1 : Ba 

Sr 

. - 

H 

Cs 

Kb 

l*ap]>ada, batj. Chon. 


>K • 

na 

Li 




Jtal. XIJI. l,k>3, 1012 

Mastic 

Al> 

2 B 

; Hi 

iCa ■ 

Mg 

Ag - 

iiu Freundlic'h. Knpdhir- 








chetn. p. 3G8, 1007 

Prussian Blue 

Fe A1 Cv 

Ba 

Cd: 

Sj* ( .a 

H 

Cs 

Pappada, Koll. Zr-'V. 


> Kb ' 

K . 

Na ^ 

Li 



IX. 13G, 1011 

Hydrous 








ferric oxide 

H > Ba 

• M- 

' Li 

Na K 



J*appada, jx. 233, 








1011 

Albumen 

^rh C^u 

Zn > 

Ca - 

■ Mg , 

Li 

K 



Nib 


8ijnilar wide variaticjus arc; found in the case* of the anions 
when precipitating positive suspensiejns. 

As an example of the great jirecipitatiiig jiowers of the organic 
cations the following data given by Frcmiidlich for the precipita- 
tion of colloidal arsenious sulphide are of interest. 

Liminn] 

Electrolyte con centra tion 

millimoJa. per litre 

NaCl ... 

Guanidine nitrate. 

Strychnine nitrate 
Aniline hydrochloride... 

Morphine hydrochloride 
Neo-fuchsine ... 


51-0 
16-4 
8-0 
2-52 
0-42r> 
01 14 


26 
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12. Sign reversal in suspensions. 

There exists an equilibrium at the interface between a charged 
suspension and its solution consisting of a dynamic interchange 
of both cation and anion. If the suspension be positively charged 
the adsorption of tlie positive ion is greater than that of th(‘ 
negative at that particular concentration. On application of thc^ 
Freundlich isotherm equation to each ion 

1 

- ac/\ 

1 

it is evident that if n and m are not identical on altering the con- 
centration of the electrolyte, the amounts adsorbed of each ion 
will vary, thus permitting a change in the interfacdal potential 
fall to take place. Bancroft (Second lieiKyrt, p. 2) cites as example 
the addition of potassium bromide to silver nitrate. If one adds 
to a dilute solution of silver nitrate somewhat less than one 
equivalent of potassium bromide a colloidal solution of silver 
bromide with a positive charge is obttdned, having adsorbed an 
excess of silver ions, and to a less extent of potassium ions ovei* 
the nitrate ions in the solution. On adding exactly one equi- 
valent the colloid is unstable, since the interfacial potential fall 
is small; a slight excess of the potassium bromide results in the 
formation of a negatively charged colloidal solution of the silver 
bromide due to the adsorption of an excess of bromide ions and 
to a less extent of nitrate ions over the potassium ions in soluition . 
On increasing the concentration of the potassium bromide the 
adsorption of the potassium ions eventually equals the adsorp- 
tion of the anions and precipitation ensues. 

The diminution of electrokinetic potential and eventual 
reversal produced by the addition of electrolytes is more marked 
in the case of the polyvalent ions, and has been carefully in- 
vestigated by Burton (The Physical Properties of Colloidal 
Solutions, pp. 164-169) who in the case of a colloidal solution of 
copper obtained the following results : 
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grni. ions 

Mobility 


gi-ni. ions 

M obi lit 

Electrolyte 

per c.c. 

at 15" C. 

Electrolyte 

I)cr c.c. 

at 18" 0 . 


X 10 ® 

X 10® 


.N 10 ® 

^ 10 ® 

KCl ... 

0 

-b 24-9 

- 

... 

0 

4 25-4 


17-0 

+ 25-7 


.30 

4 21-5 


:i80 

26-2 


7-2 

-T- 16-8 


74 0 , 

+ 22-8 


14-4 

f 3-4 


1.540 

4- 18*7 


21-6 

- 4-8 





.32-8 

- 7-9 

... 

0 

+ 25-4 

K 3 KKON), 

0 

1 30-4 


7*7 

+ 25-3 


7-1 

H 14*0 


19-2 

h 24-0 


14-.3 

H- 3-8 


38*4 

4 21-8 


21-4 

4 1-0 


960 

4 14-4 


28-6 

1-5 


153-0 

-1- 0 

j 

42-8 

- 9- 1 


13. Slfect of non-electrolytes on suspensions. 

Quincke noted {Dnide Ami, vii. 57, J 1)02) that both chloroform 
and carbon disulphide rapidly effected the preci])itation of china 
clay suspensions, an observation extended by Rona and Oyorjii 
(Biocliem. Zeit. xcviil. 92, 1919) to many capillary active sub- 
stances such as camphor and thymol. A similar precipitation by 
ethyl alcohol on platinum and charcoal suspensions has been 
observed by Billiter {Zeit. physiol. Chein. xlv. 312, 1903) and 
Lehmann {ibid. xiv. 151, 1894), whilst VV. Ostwald {Grundriss 
der KolloidcJiemie, 471, 1909) noted that a silver suspension in 
water was precipitated on the «addition of propyl alcohol. In 
gen€y:-al however although the addition of non-electrolytes lo 
suspensions does not produce prec-ipitation or coagulation yet the 
sensitiveness of the sols to precipitation by electrolytes is affected. 

The alteration in sensitiveness of a suspension to electrolytes 
by the addition of a non -electrolyte was first noted by Blake 
{Amer. J. of Sci. xvi. 439, 1903) who observed that the quantity 
of potassium alum necessary to convert a red gold into a violet 
form had to be increased on the addition of ether to the sus- 
pension; the liminal concentration without ether was found to 
be *00035 whilst in an aqueous solution saturated with ether 
*00151 equivalent per litre was required. 

Kruyt and van Buin {Kolloidchemie Beihefte, v. 269, 1914) 
have examined the alteration in sensitiveness to electrolytes of 

26-2 
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a suspension of arsenious sulphide to which various non-electro- 
lytes had been added. They found that the influence of various 
non-electrolytes on the sensitiveness of the suspension ran 
parallel to the adsorption of the non-electrolytes from aqueous 
solution by powdered charcoal and that the most capillary active 
non-electrolyte exerted the greatest effect on the liminal con- 
centration required for precipitation. Further it was observed 
that the addition of non-electrolytes lowered the liminal con- 
centrations, i.e. increased the sensitiveness of the suspension to 
mono- and trivalent ions but increased the liminal concentra- 
tions, i.e. decreased the sensitiveness for divalent and tetra- 
valent cations as will be noted from the following tables. 


Isoamyl alcohol 

Liminal 


cone. milUmols 

ooncen tration s 

Ratio 

per litre 

of KCl 


0 

53-5 



44 

48 

0*90 

66 

46 

0-86 

88 

42 

0-79 


Isoamyl alcohol 

Liminal 


cone, millimols 

concentrations 

Ratio 

per litre 

of BaClg 


0 

1075 



66 

116 

101 

78 

1*32 

1-23 

92 

1-38 

1-27 


Ethyl alcohol Ratio 

0 0-87 — 

1560 0-97 1 12 


For a ferric hydroxide suspension they obtained an increase 
in sensitivity on the addition of both isoamyl alcohol and phenol 
to both monovalent and divalent anions, whilst Freundlich and 
Kona {Biochem, Zeit. lxxxi. 87, 1917) have noted similar effects 
on this suspension on the addition of many other capillary active 
non-electrolytes such as the urethanes, camphor and thymol. 

No general explanation for the effect of such non-electrolytes 
on the sensitiveness of the suspension is as yet forthcoming. It 
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Electrolytes 

Liminal 
concen- 
trations 
for water 

Isoamyl 

alcohol 

concen- 

tration 

Liminal 

concen- 

trations 

Ratio 

KCl 

53-5 

88 

420 

0-79 

NaCa 

090 

85 

51-0 

0-74 

KNOg 

C2-0 

85 

48-0 

0-77 


78-0 

85 

56-0 

0-72 

BaClg ... 

107 

92 

1-38 

1-29 

MgS 04 

116 

85 

1-39 

1-20 

ZnS 04 

112 

85 

1-40 

1-25 

A 1 K(S 04)2 

0-203 

85 

0177 

0-87 

iAb(S04)g 

0-166 

85 

0-149 

0-90 

Th(N03)4 

0-147 

85 

0 152 

1-03 

p-Chlor-aniliiie chloride 

2-18 

85 

1-93 

0-89 

Benzidine nitrate 

0-200 

85 

0-105 

0-98 


is evident from the experimental data that the non -electrolyte 
is adsorbed by the particles and the sensitiveness is affected b.^' 
such adsorption. W. Ostwald {loc. cit.) pointed out that the 
effect of adsorption of a non-electrolyte of low specific inductive 
capacity would be to lower the potential of the charged particle 
and thus a smaller adsorption of the precipitating ion would 
suffice to bring the potential within the region necessary for 
coagulation. Freundlich (i?. 638) has noted that if this hypothe- 
sis be correct then since the cataphoric mobility of the particle 
is given by the expression 

$HK 

7 / 


a decrease in the value of K should be associated with a diminu 
tion in the velocity of cataphoresis. The following values were 
obtained for a ferric hydroxide sol on the addition of varying 
amounts of camphor and thymol. 


u X 10* in oms. per sec., 
for 1 volt per cm. 


Pure sol 

6 millimols i)er litre camphor 
2-5 „ „ thymol 


0-4 

0-2 

0-3 
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Although an alteration in the specific inductive capacity of 
the double layer may be effected by the selective adsorption of 
the non -electrolyte yet such an explanation is evidently by no 
means adequate; thus we find 1500 millimols of ethyl alcohol as 
effective as 70 millimols of isoamyl alcohol, whilst the dielectric 
capacities of water and the two alcohols stand in the ratio 
81 : 20*8 : 5-7 ; again the anomalous behaviour of di- and tetra- 
valent cations as noted by Kruyt and van Duin is not explicable 
on this hypothesis. 

The effect of non-electrolytes on the electrokinetic potential 
is well exemplified in the following curves obtained by Mukherjee 
(J, Ind. Cliem.. Soc. v. 703, 1928) for the influence of non-electro- 
lytes on sols of arsenious sulphide. 
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If the non-electrolytes are in fact selectively adsorl)ed it 
necessarily follows that the ions are displaced from the colloid 
surface; thus the non -electrolyte cuts down the adsorption of the 
ions of the added electrolyte. It has already been noted that the 
anions and cations of an added salt are not ecpially adsorlx'd and 
it is likely that the extent to which the ionic, adsorption is cut 
down by the preferential adsorption of the non-electrolyte is not 
equal for each ion. In the case of tJie negative arsenious sulphide 
sol if the iion-eleetrolyte cuts down the adsor])tion of tlie (;atioii 
of an added salt more than the anion a decrease in sensitivcuiess 
will result; if the anion adsorption is preferentially cut down an 
increase in sensitiveness will naturally obtain. 

This hypothesis has been tested experimentally by R ideal 
{Proc. Carrib. Phil. Mag. xxtv. 101, 1924) and by W(‘iser {J .P.(\ 
xxxviii. 1255, 1924); both the liniinal concentrations recjuire<l 
for precipitation and the actual adsorptions of the })reci- 
pitating ions in the y)resence of various sensitising agents weri^ 
determined. This explanation cannot- however be generally 
applicable for tannin according to Brossa {KoU. Zeil. xxxn. 
107, 1923) sensitises both ])ositively and negatively charged 
dyes to electrolytes. Kruyt suggested {Zeif. physikal. Cheni. c. 
250, 1922; KoU. Zeit. XXXT. 338, 1922) that the polar portions of 
the tannin molecule were adsorbed by the dye, rendering the 
outside less polar and thus more sensitive to electrolytes. 

A similar interpretation cannot be given tt) the results of Sen 
{Koll. Zeit. XXXVIII. 311, 1920) who noted that there was an 
increased adsorption by manganese dioxide sols for both copper 
sulphate and silver nitrate^ in the presence of various non -electro- 
lytes such as methyl and ethyl alcohol and es])ecially cane sugar, 
although the manganese dioxide sol w^as stabilised by the non- 
electrolytes against copper sulphate but sensitised to precipita- 
tion by silver nitrate. 

14. Precipitation by protective colloids. 

As has already been noted certain solvatt^d colloids are readily 
adsorbed by colloidal suspensions such as gold or platinum and 
protect them, i.e. decrease their sensitiveness to precipitation by 
electrolytes. Experiments by Zsigmondy (Goti. N achrichten, ii. 
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177, 1916) and Gann {Kolloidchem. Beihefte, vm. 252, 1916) have 
shown however that many of these ‘‘protective” colloids will 
precipitate gold suspensions when employed in small quantities. 
A comparison of the precipitating power of various protective 
colloids was made by the determination of the inversion number 
U which is the weight in milligrams necessary to convert 10 c.c. 
of an acid red gold sol into the violet form. As typical of the XJ 
numbers obtained the following may be cited. 


Substance 

Immersion 

number 

Glycocol 

> 80 

Histidine 

0- 10-0-20 

Peptone 

0-04-0-06 

Knepeptonc 

0-02-0-04 

Albumose 

()002-0-004 

Gelatine 

0-002-0-004 

Aniline hydrochloride... 

8-12 

^-Amidophenol hydrochloride 

2-3 

1-2-4-dianiidophenol hydrochloride ... 

0-10-0-20 

jo-Amidodiphcnylamine hydrochloride 

0-04-0-06 

Tetramethyldiamidobenzophcnone ... 

0-03-005 

Malachite green 

0-0025-0-004 

Methyl violet ... 

0-002-0-003 

Fuchsine 

0-002-0-004 

Casein ... 

0-002-0-004 

Haemoglobin ... 

0.005-()003 


According to Gann {loc. cit.) the precipitative power of such 
substances is dependent on the presence of an amino group and 
is thus constitutive. 

In reality this assumption is not warranted as will be evident 
from the following considerations. We may regard amino acids 
consisting essentially of amphoteric ions in solution. At the 
isoelectric point the acid and basic dissociations of the ampho- 
teric ion are equal whilst on the acid side of the isoelectric point 
we obtain positively charged cations, on the basic alkaline side 
negatively charged anions. Thus gelatine of isoelectric point 
Pu = 4*7 on the acid side supplies (gelatine H) ions, on the 
alkaline side furnishes gelatinate ions 

COO - - COO COOH 

1^1 » I 

NHgOH - NH. + - NHa -t- 

Alkaline 4*7 Acid 
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A solution of gelatine brought into contact with a colloidal 
solution of negatively charged gold less acid than Pjj 4*7 will 
exert a protective action due to the adsorption both of the 
amphoteric ions and of the negatively charged gelatinate ions, 
but if brought into contact with gold more acid than Pji 4-7 the 
positive gelatine ions will be adsorbed and lower the interfacial 
potential of the gold resulting in precipitation. Further addition 
of acid gelatine, however, results in dispersioji and we shall 
obtain a stable but positively charged gold sol. 

Thus any amphoteric electrolyte may cause similar variations 
in precipitative power on each side of its isoelectric^ point . In the 
following table are given the isoelectric points of a fe\v typical 
amphoteric el e(>* troly tes . 


Aniplioteric electrolyte 

Jsc»el<*ctric ]K)inl 

Amino benzoic aciil 

7*2 . 10“ 

Aspartic acid 

M 10 

Trypsin 

3 X KM 

Casein 

2 X KM 

Gelatine 

2 KM 

Arsenious ac id 

2-4 < KM 

Tyrosin 

3-9 V 10-« 

Denatured scrum albumcMi 

4 lo « 

(Serum globulin ... 

4 X 10-« 

Oxy-baemoglobin 

1-8 / 10~" 

Alanin 

61 10"' 

Glycocol ... 

8-2 X 10-7 

Leucin 

8'8 X 10"7 

Lysin 

3 > 10 

Arginine ... 

3 ■< 10"'^* 


The isoelectric point of an amphoteric electrolyte is likewise 
displaced, by the addition of neutral salts as is instanced bj tlio 
following values for chrornated gelatine in tlie presence of various 
neutral salts. 


Electrolyte | 

Isoelectric point 

1Q-3.G 

10-* 

IQ-4.3 

10-4-3 

10-4-8 

10-7 -0 

NajSOj 

Na2C204 ••• j 

NaOl 

KCl 

BaCh • • • • " 

CoCNHaleCh 
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Kennedy and Wright {Biochem. J. xvn. 635, 1923) have shown 
that gelatine at a Pg of 4-7 exerts but little protective power on 
a negative gum benzoin sol, acid gelatine precipitates the colloid 
in small concentrations whilst alkaline gelatine protects it. 
Similar observations have been made by Zsigmondy on the 
effect of casein on gold, but its exact isoelectric point was not 
established. 



CHAPTER IX 


GELS AND HYDRATED COLLOIDS 

1. Introduction. 

In many cases of precipitation from solution the precipitate 
does not come down in a granuhir form but forms a jelly whit^h 
is a rigid mass containing appreciable quantities of solvent and 
possessing properties akin to a solid. TJier(‘ is no marked (Udinitc 
transition point which distinguishes a granular precipitate from 
such a jelly or gel, thus we liave seen that barium sulphate usually 
distinctly granular and microcrystalline may, under suitable 
conditions, be precipitated in a form in whicli the aggregates 
enclose a certain amount of water. The hydroxides of iron and 
copper precipitated at low temperatures appear as fioeculent^ 
masses of mac^roscopical size and possessing a c('rtain loose 
structure, whilst precipitation at high temperature results in tlu', 
formation of granular precipitates. More gelatinous in character 
are the precipitates of alumina, silica and g(‘latine. Ihe fiocculeiit 
precipitates are evidently particles of a true gi'l which possesses 
but little mechanical resistance and are readily broken up ])y 
mechanical or thermal agitation. Gels can only be formed by 
process of precipitation either as a result of tlie interaction of 
two reagents or by cooling a solution containing the gel-forming 
material which possesses a positive temj)eraturc concentration 
coefficient. 

2. The structure of gels. 

Several theories have been proposed to explain the proeess of 
gel formation, and diverse views are held as to their actual 
structure. The conditions favourable to gel formation are experi- 
mentally determinable and have to be considered in relationship 
to the theories proposed (Svedberg, Herstellung kolloider 
L/osungen, 1909; Trans. Farad. Soc. xvi. 3, 1921). Tht factors 
favourable to precipitation in the form of a gel are the following . 

(1) High solvation of the particles. 

(2) High number of particles per unit volume. 
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(3) Small difference in specific gravity between particles and 
liquid. 

(4) No stirring of the system. 

(5) Low temperatures which favour 1 and 4. 

At one time it was considered that the gels were homogeneous 
or one-phase systems. Evidence in support of this hypothesis 
has been advanced by Pauli {Kolloid Ghent, d, Eiweisskorper), 
Katz (Koll. Zeit. ix. 1, 1917), Procter (J.C.S. cv. 303, 1914) and 
Loeb (J. Gen. Physiol, iii. 827, 1921; iv. 73, 97, 351, 1921-1922). 
The investigations of Procter and Loeb were confined chiefly to 
the chemical behaviour of gelatine (see p. 425) and to the pheno- 
menon of swelling in this gel, a subject investigated sys- 
tematically by Katz and extended by him to a variety of sub- 
stances. Although an explanation of certain properties is 
afforded by the one-phase theory, there are many others, e.g. the 
actual mechanism of gclatinisation, the alteration of viscosity 
with the rate of shear, elastic fatigue, and others which are not 
so readily interpreted on this basis. The ultimate test of the 
theory, however, is to be found in the optical resolution of the 
two phases, if they exist, by means of the microscope or ultra- 
microscope. Such a resolution into two phases is* for many 
substances undergoing gelation by no means easy (Zsigmondy, 
Kolloidchemie, ch. 62, 1920), e.g. for gelatine, starches, and the 
polypeptides, since not only may the refractive index of the 
substance differ but a slight extent from the environment, but 
owing to the high solvation of the particles visibility is ^ still 
further diminished. Again since most gels possess a large 
number of particles per unit volume, light scattering in the 
Tyndall beam may be general over the field of vision and isola- 
tion thus rendered impossible. 

Many gels, however, readily permit of optical resolution into 
two phases, and there is little doubt, owing to the general 
similarity between the various gels that all of them are in fact 
two-phase systems. The close similarity in properties such as 
diffusivity, refractive index and electrical conductivity of the sol 
and gel forms of substances like gelatine and the soaps (Graham, 
Proc. Roy. Soc. 1864; Arrhenius, Of vers. Stockh. Akad. vi. 121, 
1885; Walpole, Koll. Zeit. xiil. 241, 1913; McBain, J.C.S. cxvn. 
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1806, 1920; Proc. Roy. Soc. A, xcviii. 395, 1921) again support 
the hypothesis that there is no abrupt change in physical state 
in the transition from the undoubtedly diphasic sol to the gel. 
The weight of experimental evidence is thus in general, although 
in some cases not conclusively, opposed to the one-phase theory 
of gelation, and a two-phase structure is generally assumed. 

3. Two-phase theories of gel structure. 

Various hypotheses have been advanced as to the nature of 
these separate phases which may conveniently be divided into 
two groups, those which favour an immiscible licjuid-liquid 
system, and those which hold that gels consist of a solid-lirpiid 
system. 

In the case of emulsions it was noted that there was no ap- 
parent limit to the ratio of the internal or disperse phase t o the 
external or continuous phase. The disperse particles at tinst 
spherical under the action of surface tension could undergo close 
packing and assume a polyhedral or honeycomb structure. 
Under these conditions the external phase may be reduced to a 
mere skin forming the walls of the polyhedra. If this skin be a 
viscous liquid the emulsion will acquire a considerable mechanical 
strength and rigidity and may in effect possess solid properties 
forming an emulsion gel or grease. This two-phase theory of gels 
was first advanced by J3utschli {CJuteTsuchufigefi iiher ^tructureTi, 
1898) from microscopic examination of a number of coarse gels 
in wjiich signs of a ceU wall were obtained, and was given support 
by the investigations of Van Bemmelen (Die Adsorption) on the 
vapour pressure of gels undergoing gradual desiccation con- 
firming the existence of pores, presumably within a network. 
The two-phase liquid-liquid concept of gels was likewise advanced 
by W. Ostwald (Piluger^s Archiv, cix. 277, 1905; cxt. 581, 
1906) who assumed that a gelatine gel, for example, consisted 
of a solution of gelatine in water in a solution of water in gelatme, 
the two liquids possessing a definite interfacial surface tension. 
If the two liquids are perfectly homogeneous these gels would 
differ from the emulsion gels only in that the latter possess a 
third substance which goes to the interface diminishing t e in er 
facial surface tension, whilst in the former no such extraneous 
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stabilising agent is present. In a gelatine gel for example, on 
increasing the gelatine concentration in the water, the water in 
gelatine phase grows at the expense of the gelatine in water, and 
the spherical particles of the discontinuous phase will grow both 
in number and in size. If the similarity between the emulsion 
gels or greases and gelatine persists evidently the honeycomb 
structure will obtain as the final form of a rigid gel. 

The honeycomb theory of gels rigidly assumes the existence 
not only of two phases but of a disperse and a continuous phase, 
the continuous phase forming a network. The gelatine gel 
however differs from a true emulsion gel in that there is no 
stabilising agent, i.e. since there is no film at the interface, two 
spheres of the water in gelatine phase in close proximity to onc^ 
another should, instead of producing a mutual distortion and 
flattening of the spherical surface, actually coalesce, resulting in 
the formation of an interlacing system of two continuous phases, 
a view supported by Bancroft (p. 242) who points out that witJi 
a still further increase in the gelatine content of the gel water may 
actually be dispersed in definite drops in the gelatine phase. 

4. The solid-liquid theory of gel structure. 

Hardy (Proc. Roy, Soc, B, Lxvi. 95, 1900) adopted a somewhat 
different hypothesis, suggesting that, in the case of gelatine, the 
gelatine phase was not, as supposed by Ostwald and Bancroft, 
a highly viscous liquid, but actually a solid solution. The gel 
would thus consist of a solid solution of water in gelatine, con- 
taining within it a disperse phase of gelatine in water. Support 
to this hypothesis has been given by Freundlich (Kapillarchemie), 
by Fischer {Soaps and Proteins, 1921) and by Anderson {Zeit, 
physikal. Chem. Lxxxvm. 191, 1914). The outstanding difficulty 
in these assumptions is that a dilute solution of gelatine certainly 
consists of two phases of which one is assumed to be either a 
viscous or a solid solution of water in gelatine, and the other one 
of gelatine in water ; the former is present in small quantities and 
the liquid is mobile. The solid phase must therefore be the dis- 
continuous phase. Yet on gelatinisation it is assumed that the 
viscous or solid phase is continuous; this necessitates an in- 
version of the phases during gel formation, a point of view 
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negatived by the close similarity between the sols and tlie gels 
in their permeability to dilfusioii and electrical conductivity. 
Furthermore this inversion would appear to be somewhat ditii- 
cult of experimental realisation if the water in gelatine phase 
were actually a solid, as supposed by Hardy, but certainly 
possible with a viscous liquid. 

These difficulties involved in the two-phase theory of gel 
formation on the assumptions of a continuous highly viscous or 
solid phase enclosing a liquid within its pores do not arise if the 
reverse be assumed to present a picture of g(*l formation, i.e. a 
continuous liquid phase enclosing the highly viscous or solid 
material as the discontinuous phase. In the cast‘ of tlui emulsion 
gels or greases the rigidity of the system is created by the 
mechanical strength of the continuous })hase; such a rigidity is 
not necessarily excluded if the continuous ^jliase be licpiid, for 
example a cadmium gel in alcohol (Svedborg, TrariH. Farad. Soc. 
XVI. 55, 1921), but is somewhat improbable. Tlu^ characteristic; 
elasticity of such gels is furthermore sojuewhat difficult^ to 
explain if the property be due to a series of isolated sj)horical 
elastic particles embedded in a relatively non -compressible' and 
inelastic medium. 

5. Gel fibrils. 

These two characteristic qualities of the gels arc best inter- 
preted on the assumption that the disperse phase' does not 
consist of isolated particles but that union between a number of 
thes® particles takes place to form relatively sliort fibrils or 
threads, which intersect one another to form a felt in the ir- 
regular meshes of which the mobile liquid phase penetrates. The 
fibrils in the case of gelatine would, according to Bancroft, 
consist of a viscous water in gelatine solution, and, according to 
Hardy, a solid solution of water in gelatine. 

The fibrillar nature of gels was first tentatively suggested by 
Biitschli who thought that the threads noted under high 
magnification were sections of a cell wall. Similar fibrils have 
been noted for a great variety of gels, notably by Zsigmondy 
(Phps. Zeit. XIV. 1098, 1913; Zeit. anorg. Chem. Lxxi. 356, 
1911), Bachmann {ibid, lxxiii. 125, 1911; lxxix. 202, 1912), 
Barratt {Trans. Farad. Soc. xlix. 16, 1920), McBain and others. 
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The fibrils are produced as the result of the partial coalescence 
of a disperse medium consisting of a highly viscous liquid or a 
solid solution. According to the soHd -liquid theory the fibrils 
are produced by the coalescence of the dispersed sol in the form 
of crystalline threads, i.e. the fibrils themselves are crys- 
talline in their nature. Doubtless the fibril crystals are highly 
hydrated, and the fibril may thus be considered to contain both 
dispersion medium and disperse gel-forming material. Evidence 
is in fact available from the study of soap, gels and curds that 
the hydration of the fibrils may be varied affecting the properties 
of the system. 

That the fibrils were definitely crystalline was suggested by 
Flade {Zeit. anorg. Chem. lxxxii. 173, 1913) as a result of exami- 
nation of the gel of barium malonate in methyl alcohol, a point 
of view supported later by Stiibel {Pflilg. Archiv, CLVi. 361, 1914) 
and Howell (Amer. J , of Physiol. XL. 526, 1916). The X-ray 
examination of a number of gels, including silica, stannic oxide 
and vegetable fibres, siich as cellulose and ramie fibre, by 
Scherrer (Nach. Oes. Gottingen, p. 96, 1918) has confirmed 

the presence of a crystalline structure in these gels. Gelatine on 
the other hand exhibited no crystalline interference lines, but 
was found to be amorphous. 

The crystalline structure of the fibril is Likewise supported by 
a study of the crystal habit of a number of substances which can, 
with care, be made to gel. Benzopurpurin and chrysophenone 
crystallise readily in rigid needle-like crystals. Gels can likewise 
be prepared from these substances in which long gelatinous 
needle-like crystals have been observed. Needle-like crystals can 
likewise be obtained from solutions of dibenzoyl cystine which 
undergoes gelation with great readiness (Gortner, J.A.C.S. xliii. 
2199, 1921). The crystals obtained from these substances are of 
varied character, occasionally short and relatively stiff, as is 
probably the case in nitrocellulose and in dibenzoyl cystine, and 
at other times long, thin and flexible, as in benzopurpurin and 
the product formed by the interaction of iodine and cholic acid. 
The thin, flexible crystals will readily pass through a filter paper, 
and, under the microscope, are in continuous agitation, per- 
forming a series of twisting and spiral movements as a result of 
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Brownian bombardment. It appears likely tliat the nature of 
the crystal thus formed is the governing infiuenoe in the rigidity 
and elasticity of the resulting gel. 

The X~ray examination evidently provides a ready elassihca- 
tion of the gels into the crystalline and non-erystalliiK* varieties, 
of which the most well known is gelatine. 

6. Rigid and moist gels. 

But little is known as to the influences which affect the growth 
of crystals in the fibrillar form. There are evidently two methods 
of growth for a short fibrillar crystal, it can grow either longer 
or broader. In the regular growth of crystallisation the two 
growth rates are commensurate with one another; for the fibril 
an elongated and slender crystal is necessary, the more inelastic 
and drier the gel so much coarser is the fibril, i.e. its axial growth 
rate relative to its longitudinal is greater. It will be noted 
that, in those cases where the chemical constitutions of the 
gel-forming material have been determined, they are almost 
invariably long molecules, e.g. the higher fatty acids in the soaps, 
the amyloses in starch and amino acids in albumin. The long 
molecuies have in addition frequently, as is the case also in 
liquid crystals, a reactive group at each end of the molecule and 
always at one end. It appears probable that the molecules per- 
mitting growth in echelon are those in which fibril formation 
and hence gelatinisation are possible. 

In the case of dibenzoyl cystine the effect of substitution of 
variSus groups in the molecule on its properties of gelatinisation 
supports this hypothesis of growth in echelon. 

The replacement of the unsaturated — S— 8— linkage by a 
saturated linkage such as — C — C destroys the power of gela 

H 2 -1^2 

tinisation ; the replacement of the electro-negative benzoyl group 
by a more electro-positive group such as — H or — CH3CO like- 
wise destroys this property; substitution by the p-chlor or 
p-nitro benzoyl, however, does not destroy it. On replacement of 
the hydrogen of the carboxyl by a more electro positive element, 
such as sodium, the property of gelatinisation is likewise lost. 

A similar chain formation has been suggested by au i ( tans. 
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Farad. Soc. xiv. 10, 1921) for the composition of the sols and gels 
of the inorganic colloidal hydroxides, e.g. zirconia produced by 
the hydrolysis of zirconium oxychloride. By electro-potentio- 
metric measurements of the hydrogen and chlorine ion concen- 
trations of sols formed by hydrolysis, as well as freezing point, 
conductivity and transport number determinations, he has shown 
that a series of salts are formed of the types : 

[zr(OH), . Zr(OH)4Zr(X'I,ZrV ] CIj, 

[zr(OH)4 . ZrOCljZr V ] (£, 

[zr(OH)i . ZrV) ] 

as well as the complex zirconic acid [zr(OH ) 4 ZrOCl 2 Cl J H 
whilst in a similar manner he was able to identify the following 
in the gel-forming sols, 

[arFe(OH )3 2 /Fe-], 

[Al(OH) . Cl, . A 1 ( 0 H) 2 C 1 ], 

[2A1(0H)3A1(0H)2C1] and [a-SnOy Sn O3 ] Ko. 

7. The imbition of liquids by gels. 

The ultramicroscopic examination of a gelatinising sol reveals 
the presence of very small particles termed ultramicrons ; it is 
assumed on the fibrillar theory that the ultramicrons aggregate 
to invisible threads or fibrils. As the gelatinisation proceeds the 
fibrils thicken and lengthen and in many cases may actual^ be 
rendered visible by powerful magnification under the microscope. 
The fibrils are diffused at random in the form of a felt through 
the material and may, as we have noted, be markedly crystalline 
in the filamentous, somewhat flexible in the fibrillary and dis- 
tinctly mobile and flexible in the streptrococcic forms visible 
under the microscope. 

The characteristic properties of the gels are dependent on the 
nature of the fibrils, the more coarse the fibrils the more moist 
and elastic the gel, the finer the fibril the drier and more rigid 
the resultant gel ; silica gel may be taken as representative of a 
dry rigid fine fibril gel and gelatine as that of the relatively 
coarse elastic type. 
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8. Rigid gels. 

On drying a rigid gel the aqueous phase enmeshed in the feit- 
like fibrils begins to evaporate, the gel is sufiiciently rigid as not 
to collapse as the interfibrillar spaces become emptied of water 
and filled with air . Such a gel will, on immersion in other solvents, 
e.g. toluene, benzene or alcohols, imbibe the liquid. 

Coarse elastic gels, such as gelatine or rubber, on the other 
hand, on drying begin to contract ; the fibrils collapse or flow 
together as the interfibrillar water is removed. (Jn immersion of 
the dried gel in various solvents imbitioii does not take plact‘ 
through the mechanical process of filling up empty pores, but 
only occurs if the liquid is actually adsorbed by th(^ fibrils and is 
capable of redistending the gel. Imbition for the elastic gels is 
actually a case of adherence to the fibrils and is only caused 
by liquids possessing this property, e.g. water in tlie (;ase of 
gelatine and benzene and similar nonpolar solvents in the case 
of rubber. 

9. The properties of silica gel. 

Silica may be taken as a typical representative of a number of 
gel -forming hydroxides which may be either acidic or basic in 
their nature, e.g. tin, aluminium and iron, the acids of titanium, 
molybdenum and tungsten. Its preparation may readily be 
accomplished by the interaction of water glass (ca. 2 % SiOg) 
and hydrochloric acid, although to obviate the subscicpient 
removal of dialysable salts, hydrolysis of silicon tetrachloride or 
organo -silicon compounds has been suggesttul. The initial solu- 
tion of ortho-silicic acid formed in this maimer is unstable and 
is rapidly converted into the two-phase system ; a sol of hydrat(‘d 
silica fibrils in a dilute solution of silicic acid (Mylius and 
Groschuff , Ber. xxxvrii. 116, 1905). The sol thus formed is not very 
stable but slowly increases in viscosity as the fibrils link up with 
one another imtil a rigid gel is obtained. The conversion of sol 
into gel is not reversible and is affected by a number of factors, 
thus the rate of sol -gel transformation is very considerably in- 
creased on elevation of the temperature (Fleming, Zeit. physikal. 

Lxxxvi. 493, 1912) and also by the presence of various elec- 
trolytes. The sol particles of this relatively weak acid undergo 

27-2 
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surface ionisation yielding a negatively charged colloidal solution, 
and the sensitivity of the setting time to hydrogen and hydroxyl 
ions is evident from the following curve. 



point 


The unstable sol evidently possesses a maximum stability at 
the isoelectric point in contrast to the suspensions. 

Very high concentrations of neutral salts are required to 
effect rapid gelatinisation of the silica sol (Hardy, Zeti. physikal, 
Chem, xxxrti, 391, 1900; xliii. 11, 272, 1903; Pappada, Gaz. 
Chim, Ital. xxxv. 1, 78, 1905). 

Thus Pappada obtained the following values for the time in 
hours necessary to effect complete gelatinisation on the addition 
of 1 c.c. of electrolyte to 2 c.c. of a silica sol containing 6 grm. 
SiOg per litre. 



SO " 

(0 03SM) 

cr 

NO3' 

Cs 

36 

37 

57 

Rb 

82 

72 

90 

K 

106 

122 

116 

Na 

139 

166 

172 

Li 

188 

216 

280 


The anion, as is to be expected in the case of a negatively 
charged colloid, evidently exerts but little effect. The sol-gel 
transition is generally examined by means of observation of the 
change in viscosity of the solution. The changes in viscosity as 
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measured, by the flow method in an Ostwald or similar apparatus 
differ as a rule somewhat widely from the values obtained by the 
shearing process employing a rotating cylinder or oscillating 
pendulum. The determination of viscosity involves a rupture of 
a certain number of the fibrils when a shear method is employed, 
whilst in the viscosometer the apparent viscosity will bo widely 
different as the fibrils orientate themselves either in the stream 
line of the flow or at random directions. Such orientation of long 
and thin particles has been clearly observed in the case of the sol 
of vanadium pentoxide by Freundlich {Physik. Zeit. xvi. 413, 
1913) and Kruyt {Roll. Zeit. xix. 161, 1916). No satisfactory 
formula has as yet been proposed for the dependence of the 
viscosity of a sol on the molecular concentration of the sol-forming 
material. Amongst those that have been proposed are those of 
Arrhenius {Zeit. physikal. Chem. i. 255, 1887) and Kendall (Med. 
k. Vetenskap. Nohelinst. xxi. 251, 1913), 

log ^ = KC, 

rjoo 

where is the viscosity of the medium and G the molecular 
concentration . 

That of Hatschek has been found to possess a somewhat 
limited application to solutions of pseudo globulin and albumin, 

the formula proposed is -- ~ \ ^ where 100 is the volume 

percentage of dissolved substance and its associated solvent 
(KM. Chem, viii. 34, 1911; xi. 284, 1912; xii. 238, 1913). 

The formulae of Einstein 

= 1 + 2 - 5 <^, 

^QO 

and of Hess (Roll. Zeit. xxvii. 1, 1920) 

'I. = — — - = 1 4 - ..., 

7)^ I — a<f> 

are evidently closely related to that of Arrhenius and Kendall. 

The behaviour of silica gel on desiccation and rewetting in 
water as well as in various organic liquids and gases has been 
investigated by Graham, Van Bemmelen {(CH 3 COOH) (H 2 O)) 
{Die jldsorption, 1910), Bachmann (H 2 O, CCI 3 H, CeH^, C 2 ^ 2 ®^ 4 » 
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C2H5I) {Zeit. anorg, Chem, lxxix. 202, 1912), Anderson (CeHg, 
C2H5OH, H2O) {Zeit. physikal. Chem. lxxxviii. 191, 1914), 
Patrick (SOg, NHg) {J.A.C.S. xlii. 946, 1920; xuv. 1, 1922) and 
Daniells (NO2) {J. Ind. Eng. Chem. xv. 1173, 1923). 

Grels containing over thirty mols of water to one of silica are 
relatively mobile, those containing twenty mols are stiff, with 
less water the gel becomes harder and can finally, with five or 
six mols, be ground up in a mortar to a fine powder. 

On the progressive dehydration of a silica gel the gel rapidly 
contracts to a certain point, Van Bemmelen’s “first inversion 
point,*’ after which but little contraction takes place. On con- 
tinued dehydration the clear gel suddenly becomes cloudy, then 
opaque, and finally loses its opacity again — Van Bemmelen’s 
“ second point ” of inversion, when the water content has sunk to 
a ratio of one mol of water to one of silica. 

The volume change occurring on dehydration of a typical 
silica gel is shown in the following curve : 



1 2 3 4 5 10 20 40 80 160 

Mols water to 1 mol Si02 


The change in vapour pressure on dehydration likewise indi- 
cates that the progress of dehydration is not uniform. 

The curve can, in general, be divided into three parts, CB, BA 
and AD. Along the portion CB the vapour pressure gradually 
falls and the gel contracts; at B the contraction practically 
ceases, and the next portion of the curve BA is practically iso- 
pneumatic, evaporation taking place at constant pressure until 
A is reached where a rapid change in pressure occurs. 
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Provided that desiccation of the gel is stopped at the point D 
on rewetting the dried gel the vapour pressure rises along the 
curve DA, i.e. the process of hydration and dehydration in this 
range is perfectly reversible. As the water content increases the 
vapour pressure no longer follows the line AB, but the vapour 
pressures of the rewetted gel are somewhat higher than those 
obtaining during the process of desiccation, and follow the line 
AB'. At B' a similar bre^ak in the curve is obtained as noted 
during the period of desiccation and the va})our pressure rises 



rapidly along the line B'C, The vapour x^rcssurc curves cannot 
be interpreted on the assumption of the existence' of definite 
hydrates which should present a uniformly ste^pped curve, but, 
as pointed out by Van Pemmelcn {Die Adfiorption) and Zsig- 
mondy, actually support the fibrillar theory of gels. Along the 
region CB the free water is removed from the gel and the fibrils 
contract until further contraction without decomposition of the 
fibrils is impossible. Along the region BA the gel remains practi- 
cally constant in volume whilst the intcrfibrillar water is re- 
moved. That the line BA is very nearly parallel to the x axis is 
an indication that the fibrillary mesh is relatively uniform. If 
the interfibrillar water be removed some contraction and 
coalescence of the fibrils one with another takes place, since the 
curve AB is not reversible, the higher vapour pressure on the 
rewetting indicating a smaller mesh. Nevertheless this con- 
traction is but small, and the interfibrillar spaces left vacant by 
the water fill with air, and the gel in consequence becomes opaque 
due to internal scattering of light at the multitudinous water-air 
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interfaces until all the water is removed, when the gel becomes 
clear again. At A the interfibrillar spaces are completely 
emptied and the vapour pressure drops rapidly on further 
desiccation when the adsorbed water on the gel fibrils is re- 
moved. The removal of this water is a perfectly reversible 
process. After the adsorbed water is removed further dehydra- 
tion of the gel results in disruption of the fibrils, which pre- 
sumably consist of SiOgHgO, and the gel structure is definitely 
destroyed. 

The hypothesis that the curve AB represents a nearly, but 
not quite, reversible process of filling and emptying the inter- 
fibrillary spaces is, as has been noted, suggested by the fact that 
but a small change in gel volume occurs and that the changes 
in transparency occur, as would be anticipated. Experimental 
data by Bachmann {Zeit. anorg. Chem. lxxix. 202, 1912) and 
by Anderson {Zeit. j)hysikal. Chem. Lxxxvin. 191, 1914) confirm 
this view. 

Bachmann found that the volumes of various liquids imbibed 
by a silica gel within the region AB were approximately constant, 
although the molecular ratio of imbibed liquid to silica might 
vary over a very considerable range. 

A few of Bachmann’s data calculated on the assumption that 
no contraction in the various liquids occurs on imbition are 
tabulated below: 


Liquid 

Interfibrillary volume 
in o.c. per grm. gel 

Gel 1. Water ... 

0-6210 

Benzene 

0-6270 

Acetylene tetrabromide 

0-6160 

Gel 2. Chloroform (1) 

0-2902 

(2) 

0-2923 

Ethyl iodide ... 

0-2960 


Attempts have been made to distinguish between “free” and 
** bound” water in gels from a determination of the fraction of 
the total amount of water present that is frozen (the “free” 
fraction) when the gel is cooled to the arbitrary temperature of 
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—20° C. The experiments of Thoenes {Biochem. Zeit. CLvn. 170, 
1925) indicate that gels both of gelatine and agar can be frozen 
to this temperature repeatedly without much damage. With a 
0*6 % gelatine at Pg 5 5 the amount of bound water was found 
to be 18*5 %; with a 13 % gelatine at Pji 5-3 tlie fraction was 
found to be 24*2 %. This distinction however between free and 
bound water cannot be maintained in the light of the work of 
Moran and Hardy (Proc. Roy. Soc. B, cxii. 47, 1 920), wliere it was 
shown that save in very dilute gels a solid solution of gelatine 
and ice separates out on freezing. 

A very interesting investigation has been carried out on silica 
gels by Rabinowitsch and Laskin {Zeit. phy^iknl. Chem. cxxxiv. 
287, 1928) on the neutralisation of silica in various states of 
dispersion by caustic soda. They conclude that the dissociation 
constant of colloidal silicic acid is k = 2 . 10~^, a value to be 
compared with ki= 10~* (Hagg, Zeit. anorg. Cheyn. clv. 21, 1926) 
for the acid in true solution. Since similar results were obtained 
with sols of arsenious sulphide they conclude that the surface 
dissociation of a solid acid exceeds the dissociation of the sub- 
stance in true solution. The evidence presented cannot be re- 
garded as conclusive and in the case of unimolecular films of the 
fatty acids the isoelectric point appears to be close to that 
anticipated for the acid in solution from data derived from a 
consideration of the homologous soluble acids. This point merits 
detailed investigation, as its bearing on the problem of the 
magnitude and nature of the electrokinetic potential is evident. 

10. Gelatine and the Proteins. 

The proteins consist essentially of amphoteric substances 
existing in equilibrium with both acidic and basic dissociation 
products of the type 



Some like casein, salt-free globulin and acid albumin are no 
heavily solvated in solution and are thus readily precipita e^ a 
the isoelectric point in a manner similar to the suspensions 
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already considered. Others, e.g. glutin, gelatine and natural 
albumin, are solvated like silica which at the isoelectric point 
are not necessarily precipitated, being maintained in the sol form 
by the solvent. On removal of the stabilising water however by 
the addition of alcohol or neutral salts, precipitation will occur, 
and this most readily at the isoelectric point. In an amphoteric 
substance the ratio of the electrically neutral particles to the 
total concentration is at a maximum at the isoelectric point, as is 
evident from the following considerations. 

If ^ concentrations of the anionic, cationic 

and undissociated protein in a solution, then 

Ca C'h = 

where and are the acid and basic dissociation constants of 
the amphoteric protein molecule. If the total concentration be 
n, then 


X — 

n — 

- 




kaX 

k„x 

X = 

n — 

Gh- 

CoH'’ 

n 

1 + 


k„ 

X 

C-H- 

^ Cos- 


and 


^ = p the fraction of neutral particles 


1 


1 + 




In water as dispersion medium or 


1 


p is evidently a maximum when 




I 

k^ 
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is a minimum or when 



dx 



dCjj. 




k 

hence 



or 


£h: 



which is 

the isoelectric point. 


On the progressive addition of an acid, e.g. Iiydrochloric acid, 
to an isoelectric protein, e.g. albumin, there will evidently be a 
progressive formation of the aeid albumin AH 01. This will exist 
in equilibrium with its dissociated ions 

AHCl AH* + 01'. 

The amount of undissociated albumin hydrochloride naturally 
increases with the addition of hydrochloric acid ; thus if we plot 
the apparent fixation of both hydrogen and chlorine ions on the 
addition of hydrochloric acid to isoelectric albumin and also the 
difference between the hydrogen and chlorine ions adsorbed, we 
shall obtain a well-defined maximum for this difference at the 
point of maximum ionisation of the salt AHCl. 

In the following curve are plotted the values obtained by 
Manabe and Matula {Biochem, Zeit. lii. 369, 1913) for ox serum 
albumin. 


Combined 
H‘ + Cr ions 


0-01 0-02 0*03 0-04 0 05 0-06 

n-HCl added 

A similar point of maximum dissociation of the salt 
NaA Na -I- A' 

will likewise be obtained on the addition of alkali to an isoelectric 
amphoteric protein. 
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Both isoelectric albumin and its undissociated acid and basic 
salts are less solvated and imbibe less liquid than the ionised 
form ; thus the viscosity of an albumin solution will be least at the 
isoelectric point, rising to more or less well-defined maxima on 

each side, these maxima coinciding with the points of maximum 

+ — 

dissociation of the two salts AH Cl and Na A into the 
heavily hydrated ions. Again the precipitation of such hydrated 
or lyophilic colloids involves essentially two distinct processes, 
the neutralisation of the electric charge by bringing the reaction 
of the medium to the isoelectric point and the desolvation of the 
electrically neutral particles. It appears that both isoelectric 
proteins and the undissociated salts, e.g. AHCl and NaA, are less 
heavily solvated than the ionic forms AH* and A' ; thus the amount 
of alcohol required to precipitate a protein solution will evidently 
be least at the isoelectric point, greater on the progressive addi- 
tion of alkali or acid, rising to more or less well-defined maxima 
at the points of maximum dissociation of the two salts and 
sinking with the increase of the undissociated salts. The varia- 
tions in these properties are diagrammatically represented in the 
following curves : 



NaA Na*+ A' AHCl ^ AH* + Cr 

11. The structure of gelatine. 

Bradford {Trans. Farad. Soc. xrv. 16, 1921) has attempted to 
prepare crystalline gelatine by utilising relatively dilute solu- 
tions of gelatine. According to Von Weimam’s hypothesis (see 
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p. 298) conditions favourable to the growth of crystals obtam in 
a solution of low viscosity and but a relatively small degree of 
supersaturation ; by cooling a dilute solution of gelatine past the 
point of saturation extremely slowly it was hoped to obtain 
actual crystals. He obtained in a 0-4 % concentration globules 
or spherites of O-lp, diameter. The ultramicroscopie fibril of 
gelatine thus probably consists of a streptococcic chain of 
minute globules or spherites. 

The structure of these spherites is uncertain ; Bradford 
assumes that they consist of a regular crystalline growth formed 
by multiple tw^inning of minute crystals. Scherrer’s examination 
of gold sols, however, has revealed the fact that the crystal 
interference lines are well developed when the particles contain 
as few as eighty molecules arranged in the c ube lattice ; a spherite 
of 0*1 ft diameter would probably show crystalline properties 
even if excessive twinning had taken place. 

The investigations of Lehmann {Flussige Krystalle), Vorlander 
{Krystallinisch flussige Substa>nzen), Bose (Phys. Zeit. ix. 708, 
1908; X. 32, 230, 1909) and Manjuin (CJi. CLii. 1680, 1911) on 
liquid crystals such as para-azoxy anisol, sc^me of which, e.g. 
brom-phenanthrene sulphonic acid, are definitely colloidal, have 
shown that when these substances are immersed in a liquid in 
which they are insoluble there is a constant alternation between 
the liquid and the solid crystalline states at tht^ melting point 
where the thermal agitation of the molecules just balances the 
cohegive power, the crystals frequently assuming the spherical 
form under the influence of surface tension. These swarms are 
definitely composed of minute crystals, since they exhibit the 
property of double refraction and are actually visible under a 
powerful magnification, but do not show the X-ray interference 
lines of true crystal structure (Van der Lingen, Verh. d. Deutsch. 
Physik. Ges. xv. 913, 1913), a phenomenon explicable on the 
hypothesis of the existence of orientated but unevenly spaced 
molecules. Kraemer {J.P.C. xxix. 1523, 1925), from a stu y o 
the Brownian movement of mercury particles 200 m diameter 
embedded in gelatine, concludes that the structure consis s 
essentially of cubes of 5ft/x side stretched in chains lOOftft rom 
one another. 
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12. The properties of gelatine. 

Commercial gelatine contains chiefly glutin and salts as im- 
purities, the protein in the gelatine undergoes gradual hydrolysis 
to peptones and proteoses. Many of the physical characteristics 
of gelatine are dependent on the extent to which this hydrolysis 
has proceeded, e.g. its gelatinisation and muta-rotation (Bogue, 
CJiem. Met, Eng. xxiii. 105, 1920; Smith, J. Ind. and Eng. Chem. 
xn. 878, 1920), and data obtained by various investigators on 
commercial and purified gelatine are consequently frequently at 
variance with one another. 

The gel of gelatine differs from that of silica in that in the 
former the sol-gel transformation is reversible and not in the 
latter. The coalescence of the amicrons of gelatine to form 
streptococcic fibrils occurs at low temperatures, a process readily 
reversed by elevation of the temperature which decreases the 
amount of adsorbed water, increases the mobility of the fibrils, 
and permits of their rupture into smaller units. Gelatine is thus 
readily rendered more disperse by water. 

Gelatine is an amphoteric electrolyte (Procter, J.C.S. cv. 313, 
1914; Loeb, J. Gen. Physiol, i. 39, 237, 363, 483, 551, 
1918-1919) having an isoelectric point at Pjj = 4-7. On the 
alkaline side salts or gelatinates, e.g. calcium gelatinate, are 
formed, whilst on the acid side we obtain soluble gelatine salts, 
e.g. gelatine chloride, whilst isoelectric gelatine is apparently 
almost insoluble in water. 

Attempts have not been lacking to investigate how far the 
combination of acids and proteins such as gelatine may be 
regarded as an adsorption process and not as a true chemical 
reaction. If we assume that the combination of hydrogen ions 
for gelatine follows the Langmuir isotherm we obtain for the 
bound ions the expression 

_ ^l^H- 

1 + 

Rinde (Phil. Mag. i. 47, 1926) has performed this calculation 
with the experimental data given by Loeb and finds that the 
equation satisfactorily represents the experimental results with 
values of = 14-6, Aig = 2100. 
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That the apparent agreement with the Langmuir isotherm can 
be taken as proof of the validity of an adsorptive mechanism is 
somewhat debatable, for we may observe that the simple law of 
mass action applied to a weak base and strong acid gives us 

r; + H* 

(i-x) ) = kx, 

C 

whence x = , a form substantially that of the isotherm. 

ic + o jj. 

The influence of the hydrogen ion concentration on the various 
properties of the sol and gel forms of gelatine is most marked and 
has been investigated in detail by Loeb {Joe. cit.) and J^ogue 
{J.A.G.S. XLIV. 1349, 1922). A vsummary of the results of these 
investigations is given in the following curves rein-esenting the 
variation of the turbidity, viscosity, swelling, gel strength, foam 



It will be noticed that aU the properties of the gel with the 
exception of the turbidity and foam have minimum values at or 
near the isoelectric point Ph = 4-7, whilst these two attain their 
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maximum values at this point. Evidently, as the data for the 
swelling and viscosity indicate, the hydration of the gelatine 
particles is at a minimum at the isoelectric point (see Chiari, 
Biochem. Zeit. xxxiii. 167, 1911) where, as indicated by the 
alcohol number, it is most readily precipitated from solutions to 
form large aggregates to which the turbidity and the foam forma- 
tion are due. 

13. The swelling of gelatine. 

The imbition of a dried gelatine by the addition of water is 
accompanied by a heat evolution and the exertion of a swelling 
pressure. Rodewald {Zeit. physikal. Chem. xxiv. 206, 1897) 
obtained the following values for the heat of wetting : 


% H,0 

Caloric'S per grm. 

0-23 

28-11 

3-23 

20-97 

816 

12-43 

12-97 

7-37 

19-52 

2-91 


whilst the variation in the swelling pressure with the gelatine 
content was found to obey an expression of the type 

P == ac^, 

where a and k are constants. The volume of the original gel 
together with that of the added water is always greater than that 
of the final gel. A not inconsiderable contraction occurs which 
is accompanied by the heat evolution mentioned above. It will 
be noted that as the water content rises the swelling pressure 
and the heat evolution decrease and at the same time the con- 
sistency of the gel becomes less. A large portion of the water is 
readily removed by application of pressure, whilst dilute gels 
will on standing undergo contraction accompanied by a coarsening 
of the fibrils and an exudation of the contained and adsorbed 
liquid, a phenomenon frequently termed s 3 meresis. 

As in the case of silica gel the water in a gelatine gel may be 
removed and replaced by other liquids such as alcohol, benzene 
or chloroform (Biitschli, Uber den Bau quellbarer K or per , 
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Gottingen, xxii. 1896; Bachmann, Ze-it. dYvorg. Cheyn, c. 1 , 1907), 
Gelatine, however, is relatively much more elastic than silica, 
with the consequence that hysteresis is much more marked, and 
the portion of the vapour pressure curve indicating the emptying 
of the interfibrillary spaces which should he parallel to the x axis 
(see p. 423) is extremely small, denoting a progressive contraction 
of the mesh on removal of the containing fluid. Zsigmondy 
(Kolloidchemie, p. 373) has calculated the ratlins of the inter- 
fibrillary capillary as 70 A., some three times larger than that for 
a similar silica gel. 

The swelling of gelatine is, as has been noted, a minimum at 
the isoelectric point and increases on the addition of either acids 
or bases as well as on the addition of cc'rtain salts; tluis with 
sodium salts the lyotropic series of deert^asing swelling power is 
CNS' > I' > Br' > NO 3 ' > CAO^' :> Cl' > H^O > acetate > 

citrate > tartrate > 8 O 4 ". 

The swelling of such a gelatine is according to Procter (J.C.S. 
cv. 313, 1914; oix. 307, 1910; J. Amer. Leather Chern. xi. 
399, 1916) fully accounted for on the hypothesis that the con- 
ditions of equilibrium established between the gelatine in the 
interior of the thick fibrils and the interfibrillar liqiiid resemble 
those investigated by Donnan in his study on the behaviour of 
membranes separating a non-permeable ion from a solution 
containing membrane permeable ions. 

We must assume that on the immersion of gelatine in a 
solution of a dilute acid, c.g. HCl, more acid than the isoelectric 
point Pjj = 4 * 7 , the acid diffuses into the interior of the fibrils, 
resulting in the establishment of the following ecpiilibrium ; 

HCl gelatin© HCl 15^ isoelectric gelatine 
Fibril | Interfibrillar liquid 

cm a rf‘x 

H6 CV X 
CV c 

As we have already noted (p. 353), the product of the diffusible 
ion concentrations in the interior of the fibril (b) (r) and in the 
interfibrillar liquid will be equal. Now for all values of 6 and c, 
be > unless 6 = c, there will thus be an excess of diffusible ions 

28 
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in the interior of the fibril over those in the interfibrillar liquid. 
This excess of diffusible ions in the interior will produce an 
osmotic pressure proportional to the difference in concentrations 
and cause the fibril to swell. 

On swelling, an increase in surface energy of the fibril will 
result and equilibrium will obtain when this increase in surface 
energy just balances the work done by the osmotic pressure in 
distension. It is of course possible to distend the fibrils beyond 
their elastic limits and thus cause disintegration of the gel. 

The influence of neutral salts as well as of acids and bases on 
the swelling of gelatine, which we have seen can be attributed to 
an apparent change in the solvation of the gel fibrils and may be 
interpreted in the light of Donnan's theory of the effect of a 
jion-diffusible ion on the osmotic pressure differences between 
the two phases, is likewise to be noted in the alteration of the 
viscosity and alcohol precipitation values of protein solutions. 
From the considerations already advanced there should exist 
two well-defined maxima in the viscosity and alcohol precipita- 
tion curves when these properties are plotted as functions of the 
Pji, the maxima coinciding with the points of maximum 
dissociation of the salts 

AHX AH’ + X' and HA H' + A'. 

The studies of Pauli {loc. cit,) and his co-workers, however, 
have revealed the fact that isohydric solutions of different acids 
do not effect equal combination with the isoelectric protein; 
relatively more acetic acid, for example, being combined •than 
hydrochloric acid in isohydric solutions. Again, both the actual 
position of these maxima as well as the magnitudes of the 
viscosities observed vary much with the nature of the acid 
employed. Thus the relatively weak oxalic acid appears to be a 
much stronger acid than sulphuric acid, whilst trichloracetic 
acid does not differ appreciably from acetic acid in its effect on 
the viscosity of albumin. It is probable that the degree of solva- 
tion of the protein molecules and of the protein salts must not 
be regarded as constant, but that they vary both with the nature 
of the salt and in the presence of neutral salts which exert like 
alcohol a desolvating action more or less complete on the 



SWELLING OF GELATINE 435 

solvated isoelectric protein as well as on the iindissociated 
protein salts. 

In the case of gelatine, as far as this substance has been ex- 
amined with care, the simple molecule can be regarded as a 
monacid base tand a monobasic acid possessing but one potentially 
reactive — CO OH group and but one reactive — NH.^ group in its 
molecule. The other proteins appear to be relatively more com- 
plicated; thus on the progressive addition of strong acids to 
proteins such as serum albumin a larger quantity of acid is taken 
up than on the addition of weak acids. Similar results ar(‘ 
obtained with alkalis; the acid reacting power cati further be 
enhanced by heat treatment with dilute acids (Adolf and Speigel, 
Hiocltem. Zeit. civ. 175, 1920). These results arc repeated in the 
case of alkalis; thus Pauli noted that the caseinate ion obtaiiied 
on treating isoelectric casein with dilute soda was trivalent, 
possessing a mobility of -- il0*l, but on adding excess of 
alkali the combining capacity of casein increases to a maximum 
apparent valency of thirty. There is naturally asso(’iat(^d with 
this increase in valency an increase in the ionic mobility. Pauli 
indeed {loc. cit. cix.) advances arguments for the assumption of 
the following stages in the ionisation of casein on t he progressive 
addition of alkali: 

Isoelectric casein — ► Nag [(O'") 0^.] — Na, (P'") — ► Na^^ 

Whether the complex salt [NagC'" casein] must be regarded as 
a complex salt or an ionic micelle of the type investigated by 
McBliin in his investigations on the soap solutions is not yet 
clearly established, whilst information on the acid and basic 
dissociation constants of the higher stages of dissociation of the 
complex protein is still lacking. 

The globulins consist of simple proteins which are coagulated 
by heat treatment ; they are not soluble or dispersed to a colloidal 
solution by water, but dispersion can be effected })y dilute solu- 
tions of salts. On addition of excess of salt, e.g. ammonium 
sulphate, they are precipitated. (Fortner and his co-workers 
(Coll, Symp. V. 179) have shown that the extent of peptisation 
as measured by the amount of extractable protein from a 
substance like flour is dependent on the nature of the salt 

28-2 
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employed, the salts giving a greater percentage of peptonic 
protein are found to be KI > KBr > KCl > KP, a lyotropic 
series which we have noted obtains in many other phenomena 
produced by salts. An important and interesting result was 
obtained when examining the proteins extracted in this manner. 
It was found that if the proteins extracted by means of potassium 
bromide were subjected to ionic purification by dialysis, the 
precipitated globulin would be redispersed by potassium 
chloride, although the quantity of protein originally extracted 
by the bromide was much greater than could have been extracted 
with potassium chloride. 

14. The Soaps. 

The soaps consist of the sodium and potassium salts of the 
higher fatty acids possessing marked detergent powers. In 
alcohol they dissolve to form optically clear solutions in which 
the salts possess the normal molecular weights. In water, 
however, although the salts of the lower fatty acids which possess 
no detergent powers behave in a normal manner, yet as the 
length of hydrocarbon chain increases these solutions become 
increasingly abnormal both in their properties and behavioTir. 
Sodium capronate (CgHuCOONa) is the first salt to show any 
anomalous behaviour in that the elevation of the boiling point 
of aqueous solutions of the salt does not proceed indefinitely 
with increasing concentration but rises to a maximum, and such 
strong solutions set to .a gel on cooling. These abnormalities 
increase with the length of the hydrocarbon chain, the Higher 
fatty acid salts showing but little elevation of the boiling point. 
Sodium laurate, however, is the first salt of the homologous 
series which may be said to possess all the properties of a true 
soap. The examination of the molecular and ionic state of 
aqueous soap solutions by physico-chemical methods is a matter 
of some difficulty owing to the abnormally small values observed 
in such determinations as the molecular elevation of the boiling 
point (Krafft and Stern, Ber. xxvii. 1747, 1894) or the lowering 
of the vapour pressure (A. Smits, Zeit. physikal. Chem. xxxii. 
1584, 1899; xxxix. 385, 1902; XLV. 608, 1903), whilst the osmotic 
pressure methods are vitiated by the effects produced due to the 
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appearance of a membrane equUibrium (Moore and Roaf, 
Kolloid, Zeit. xiu. 133, 1913). The most successful method of 
determining the molecular state with the aid of the direct deter- 
mination of one of these colligativc properties of solutions is bv 
the lowering of the dew-point, a method developed by Me Bain 
and Salmon {Proc. Roy. Soc. A, xcvii. 1920), ])y which tfie 
existence of molecular aggregates in aqueous solutions of tlie 
soaps was definitely established. 

The examination of the electrolytic conductivity of soap 
solutions has, however, indicated that they are ndatively good 
conductors and the conductivity concentration curve exhibits 
the interesting property of a deliiiitc minimum. Tlie values for 
the specific conductivity of potassium palmiiate are (McBain 
and Martin, J .C.S. cv. 957, 1914) plotted in the following curve; 

134 - 



• Concentration 

The conductivity of the solution is not due to pronounced 
hydrolysis of the salt, since determination of the hydroxy lion 
concentration of the solutions have been made by McBain and 
Martin {loc. cit.) and McBain and Bolam {J.C.S. cxiii. 825, 1918), 
both by means of the hydrogen electrode and by the rate of 
catalysis of nitroso-triacetonamiiie, the extent of hydrolysis is, 
as observable from the data on p. 438, relatively small. 

The product of hydrolysis is naturally an acid soap of varying 
composition. In any dilute solutions of sodium palmitate it 
approaches that of the sodium hydrogen soap NaHP 2 . McBain 
and Taylor found that the acid soap at 90° C. had the composi- 
tion HP.2NaP. 
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Potassium Palmitate 
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In order to account for the relatively high conductivity but 
low osmotic pressures and the low hydroxylion concentration of 
soap solutions, Bancroft assumed that the hydroxylions were 
adsorbed by the neutral colloidal potassium palrnitate. This 
assumption was, however, proved to be incorrect by McBain, 
who showed that on the addition of caustic soda no adsorption 
of the added hydroxylions took place. As an alternative explana- 
tion McBain suggested that the conductivity was due to the part 
of the soap which existed in the colloidal state, a colloidal ion. 
The colloidal soap ion differs from the ordinary charged colloidal 
particle in that not only is its mobility great but the equivalent 
conductivity is high, the conductance, in fact, being much greater 
than that of the simple ion of the fatty acid from which it is 
derived and comparable to that of a potassium ion. To account 
for the high mobility and equivalent conductivity of the colloidal 
ion in an electric field, one must postulate that it possesses a 
relatively large charge for the number of molecules forming the 
aggregate and one must consider that the colloidal ion or ionic 
micelle (Nageli, Pflanzenphysiologischen U ntersuchen. Zurich, 
1858) is an aggregate of the ions of the fatty acid, the mobility 
of which will naturally be greater than that of the single ion 
since the resistance to motion of such an aggregate increases 
more slowly than does the charge. Such charged aggregate will, 
however, possess the small diffusibility of an ordinary colloid. 
There is a small but unmistakable difference between a potassium 
and a sodium palrnitate solution, which has led McBain to the 
assumption that the ionic micelle contains in addition to the 
ions some undissociated soap molecules together with water of 
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solvation, the diminishing value of wliicli, as tlu' concentration 
increases, accounts for the iiu^rease in tlie micelle mobility. 
Thus we ascribe to the ionic micelle of sodium palmitate the 
following composition: 

(NaP), 

The value of b, the number of palmitate ions in the micellt', is 
at least ten. The examination of a solution of pt^fassium oleate 
at a temperature of 0-18” C. by these metJiods has resulted in tlie 
following values for the concentrations of the various substances 
present. 


Molality 

Neutral 

N<‘utral 

Ionic 

Olc'ate 

Alkali 

colloid 

salt 

micelle 

anion 

ion 
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Aqueous soap solutions can be obtained in thr(?o distinct forms : 
the sol form containing the ionic micelle, a clear gel, and a white 
opaque solid, i.e. the curd. The sol and gel forms of various soaps 
liave been examined by McBain and his co-workers and shown 
to differ only in elasticity and rigidity, whilst the electrical 
conductivity, refractive index, concentration of metallic ion and 
lowering of the vapour pressure are all identic^al, results to be 
anticipated on the fibrillar theory. The gel as we have seen is 
fibrillar in nature, and the conversion of a gel into a curd is 
brought about by the removal of soap from solutions in the form 
of relatively coarse fibres, a process similar to crystallisation. 
The experiments of Laing and McBain (J .C.S. cxvii. 1520, 1920) 
have shown, however, that a curd cannot be represented as a 
coarse gel felt of definite crystalline composition in equilibrium 
with a liquid phase, since the conductivity of a concentrated 
curd is higher than that of a dilute one, and the solubility 
diminishes with the age of the curd. In the case of gelatine gels 
the evidence for a hydration of the fibril material is definite , in 
the proteins a variation in the degree of hydration of non-ionised 
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and ionised protein molecules had to be assumed, whilst in soap 
gels the fibrils are undoubtedly solvated. The variation in the 
conductivity of curds may therefore reasonably be attributed 
to a difference in the degree of solvation of the fibrils, the more 
heavily solvated fibrils according to Laing and McBain’s experi- 
ments being more insoluble and thus more stable. The less 
solvated fibrils can only become converted into the more stable 
solvated form by a process of solution and recrystallisation, a 
somewhat lengthy process extending over several months in 
solutions of such low diffusivity as soap. 

The abnormality of the sodium soaps of the fatty acids of high 
molecular weight to form complexes in solution consisting of 
neutral colloid soap particles and of ionic micelle is to be 
attributed to the action of the long hydrocarbon chains, which 
are in themselves insoluble in water and tend to adhere to one 
another as the experiments of Langmuir (see p. 90) have indi- 
cated. The detergent action and emulsifying power of soaps is 
likewise due to this cause. If we insert in an organic material, 
containing hydrocarbon chains sufficiently long so as to render 
their mutual lateral adherence great enough to overcome in part 
the disintegration due to the thermal agitation, polar groups of 
the type —COOX, — CSSX, — SO3X, — N(CH3)3l, which are 
sufficiently strong to immerse the hydrocarbon chains, in water, 
we obtain substances possessing colloidal nature; detergent 
action, emulsifying powers, gel and curd-forming properties will 
naturally be obtained (Reychler, Roll. Zeit. xii. 277; xiii. 252, 
1913). Such solutions, if the non-polar portion of the molecule 
be too short, or if too many polar groups be inserted, or again if 
the polar medium water be replaced by one somewhat less polar 
such as alcohol, will no longer possess colloidal properties but will 
behave as true solutions. 

On separation of such substances from solution it is possible 
for the separated phase to be perfectly crystalline, as is the case 
with stearates and palmitates, or the substance can separate as a 
liquid crystal or in the smectic state ; since this phase, when it 
exists at all, lies in between the unorientated liquid and the 
regular crystalline state, it has been termed the mesophase by 
Zocher {Zeit, physikal. Ghem, cxlii. 113, 124, 177, 186, 413, 
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1929), who has examined the physical properties of materials in 
this phase state in some detail. We may regard such phases as 
the three-dimensional extension of a film existing in the liquid 
condensed or in the expanded state, }>rovided that in the latter 
case the thermal agitation is not sufficient to C(3mplete the 
disorientation in layers superimposed on tlie basal film held to 
the liquid or solid substrate. 

Zocher and Birstein {ibid.) have in fact obsorvc'.d a case in 
which the constitution of the mcsophase can be altered by 
modification of the orientation of the basal film, ^^-azoxyanisol 
on alkaline surfaces forms a film in which the molecules an* 
horizontal; on acid surfaces the molecules acquire a vertical 
orientation (see Ch. in); the mesophases formed on alkaline or 
acid surfaces take up the configurations of the basal film. 


15* The colloidal dyes. 

Solutions of various dyes on their dis])ersiou in water vary 
from the highly dispersed state, in which the molecuilar weight 
determined by the usual methods is found to be perfectly 
normal, to relatively coarse suspensions. The degree of disporsity 
of a dye-stuff is partly constitutive in that the presence of polar 
or lyophilic groups increases the dispersity . The dye-stuffs are in 
this respect comparable to the salts of the fatty acids where the 
relative magnitudes of the non-polar or lyophobic and polar or 
lyophilic portions of the molecule determine the state of aggre- 
gation in dispersion in water. They differ, however, from the soaps 
in that the solvation both of the molecules and of the neutral 
colloid and ionic micelle of the colloidal dyes is not so pronounced. 
In consequence the dyes are more susceptible to electrolytes 
which, as in the case of the sols, readily produce flocculation or a 
change in the aggregation of the particles. 

Many such changes in aggregation arc associated with ^ 
tion in colour comparable to the colour change o ^ 

gold sols; thus the red tint of colloidal congo rubm (Ostwa d, 
Koll. Zeit. XXIV. 61, 1919) becomes definitely purple on the 
addition of acids, bases or salts to the suspension, whilst the 
addition of electrolytes to true solutions of fuchsm render it 
colloidal. An alteration in the polarity of the polar group appears 
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likewise to affect the dispersion. Thus phenolphthalein undergoes 
practically complete dispersion in alkaline solution, i.e. when 
present as its sodium salt, but is colloidal when present as the 
free acid. In the soaps we note also a change in solubility affected 
by similar means from the insoluble fatty acid to the relatively 
soluble sodium salt. 

The organic cations and anions are more strongly adsorbed 
than even the polyvalent inorganic ions; thus precipitation of 
colloids or apparently complete adsorption by a charged surface 
(of opposite electric sign to that of the dye ion or ionic micelle) 
will occur down to very low concentrations of the dye. In 
addition, as has already been observed, the somewhat lyophobic 
or sol -like character of the dyes, which renders them sensitive 
to electrolytes, will permit of wide variations in the size of 
aggregate effecting precipitation or undergoing adsorption. 
Associated with this variation in size is a definite change in 
colour affecting the colour of the dyed material. Non-colloidal 
dyes such as methylene blue, a positive ion, and eosine, an anion, 
may be utilised to precipitate colloids of opposite sign and will 
be markedly adsorbed both by charged suspensions and emul- 
sions. Thus eosine is strongly adsorbed by silver halides stabilised 
with a positive charge, e.g. by excess of silver ions, but not by 
negatively charged halides, and can thus be utilised as an in- 
dicator. 

Mutual precipitation of oppositely charged dye-stuffs is the 
basis of a number of volumetric processes of estimation; i-lius 
the evaluation of tannin solutions may be accomplished with 
night blue or of eosine with night blue. 

The mechanism of dyeing (see First Report on Colloid Chemistry, 
B. Ass. 1917, for the complete resume of the various theories) 
has received a great deal of attention and has led to the formu- 
lation of a variety of hypotheses such as the solid solution, the 
chemical, the adsorption and electrical hypothesis. A critical 
examination of the data on which these various alternative 
hypotheses rest would lead one to suppose that they are by no 
means irreconcilable with one another. 

The process of dyeing appears to be an adsorption pheno- 
menon; thus over a limited range in concentration the Nernst 
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distribution law or the Freundlic-h isotherm will be obeyed, an 
observation confirmed by Goorgievics {MHt. dcs K. k ' Gewehe. 
Museums in Wien, pp. 165 , 205 , 340 , 1004 ). Such adsorption 
compounds, however, are iiot> similar to solid solutions as postu- 
lated by O. Witt, but due to true adsori)tion. As has already 
been noted, the chief factor in proinoting adsorption is the 
decrease in the free energy of tJie system, i.e. a lowering of tlie 
interfacial energy in accordance with the Gibbs’ law; althoiigli 
solid skins of fuchsin, peptones and saponin may be fornu*d at 
air-liquid and liquid-liquid interfaces, it is improbable that any 
dyeing can result from such processes alone, as the fastness or 
the formation of solid films is due to subsequent chemical changc-s 
occurring in the Gibbs’ layer. The dye-stuhs, whether in true or 
colloidal solutions, are all charged and arc‘ adsorbed by th(‘, 
material with the simultaneous neutralisation of their charge. 

Cotton fibres are gel-like, usually negatively charged in watc‘r 
and readily adsorb basic; colours; on increasing the negative 
surface charge of cotton by the formation of oxy- or nitro- 
cellulose, the affinity of the fibre for the basic coloui* is increased ; 
the fibres of wool and silk are, like the protcujis, amphoteric in 
their nature and can combine with both acid and basic dyes. 
Since the charge on gel fibrils is, as we have seen, localised at 
certain points along the fibril where the; polar portions of the 
molecule are present , the adsorption of a dye-stuff at the ])oint of 
saturation will be apparently stoichiometric, each polar group 
adsorbing its cpiota of dye. Thus in the adsorption of dye-stuffs 
in true solution an ap{)arent chemical action takc*s place as 
maintained by Knecht (J . Soc. Dyers and (>ols. 242 , 1964 ). If, 
however, the dye be colloidal, the* polar groups will still adsorb 
an electrical equivalent wliich will, however, be associated with 
a variable number of dyt^ molecule's dependemt on the dispersity 
of the dye solution. 

As has already been noted in other cases, the distinction 
between adsorption compounds and chemical compounds is 
chiefly one of stability of union. In the process of <lyeing 
evidently the adsorption formed by the specific adsorption of 
polar groups in the fibre for ions or ionic micelle of the dye-stuff 
results in the formation of an adsorption compound which. 
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however, will be relatively unstable and dyeing will not be fast. 
A closer union, however, results in the neutralisation of the 
electric charge on the dye ion and on the fibre and a process akin 
to coagulation takes place. The dye can now only be removed 
from the fibre by a strong peptising agent. Some apparently fast 
dyes may readily be peptised and removed from the fibre by 
replacing the water by an organic solvent which peptises the dye 
by adherence to the non-polar portion of its molecules. 


16. Thixotropic gels. 

We have already referred to the polyhedral structure of the 
solid greases and the fibrous or filamentous structure of true gels. 
In addition to these solid forms there exist a number of cases of 
colloidal solutions which can assume conditions of rigidity, but 
on gentle agitation will break down to a sol again. These forms 
have been termed by Freundlich thixotropic gels. 

The phenomenon of thixotropy was first observed in con- 
centrated sols of ferric oxide (Szegvari and Schalek, Koll. Zeit. 
XXXII. 318, 1923; xxxiii. 326, 1923; Freundlich and Rosenthal, 
ibid. XXXVII. 129, 1925; Zeit. physikal. Chem. cxxii. 403, 1926). 
Freshly prepared sols of ferric hydroxide from the chloride-like 
aluminium hydroxide, zirconia and thoria are completely 
amorphous under X-ray examination. On ageing, a diagram of 
crystalline basic monochloride and finally of goethite FeO(OH) 
is obtained. These crystals may be orientated in a magnetic 
field or by gentle streaming, and exhibit double refraction and 
dichroism under these conditions. They are thus probably 
lamellar-like rhombic particles ; at rest these lamellae form very 
regular layers which may acquire a definite rigidity. 

A similar thixotropic gelation has been observed in sols of the 
oxides of selenium, zirconium and tin, and is according to 
Freundlich and Bircumshaw {Koll. Zeit. XL. 20, 1928) especially 
marked in the case of alumina prepared by the hydrolysis of 
aluminium acetate. The time necessary for thixotropic gelation 
is greatly affected by the presence of salts as is instanced by the 
data on p. 445 for a 12-16 grm. per litre alumina sol. 

There appears little doubt that these thixotropic gels are due 
to a species of structural coagulation in which the small true gel 
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particles are arranged in a loose network wliicli is readily broken 
up by mechanical agitation. The orientation of colloidal particles 
to rod-like forms is clearly observable in polarised light as shown 
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by Zocher in sols of vanadium pentoxide, (;hrysopliciiin and 
benzoptirpurin, whilst Usher (Proc. Ttoy. Sac. A, cxxv. 1411, 1929) 
has followed the thixotropic gelation of sols of gamlajge and 
cadmium sulphide on the addition of sodium chloride. The small 
aggregates resulting from partial (coagulation were observed to 
form an expanding network which linked up with on(‘ another 
under the influence of Brownian agitation to form an (jpen 
structure of linear aggregates. 


17. Penetration in membranes. 

The concept of the sieve-Iikc moinhrane is dno to the work of 
Traube in 18G7 on membranes consisting of metal silicates and 


forrocyanides, and of Tammann (1892) and Waldc-n on copper 
ferrocyanide membranes. Series of graded membranes could be 
prepared, and diffu-sion experiments appeared to confirm the 
view that the permeability was governed by the pore size of the 
membrane and the probable volume of the hydratoi ion 
diffusing, the hydration varying directly with the mobility and 
inveraely with the ionic charge. Collander in 1924 established 
the sieve-like nature of copper ferrocyanide ^ 

series of fifty organic compounds from methyl alcohol ( F -• ) 
to amygdalin (7 = 467) and found the perme^ility to decrease 
steadily with increasing molecular volume, h or the acids the 
permeability is governed by the size of the anion; thus the senes 


is found : . . ■ * i 

HN08> acetic acid> sulphuric acid>propionic acid>citnc aci 
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Further support for the sieve theory is obtained from examin- 
ation of the properties of collodion membranes; thus Biltz in 
1910 found that dye molecules containing up to 45 atoms per 
molecule diffused readily, but a retardation was obtained with 
molecules containing 55-70 atoms per molecule, whilst beyond 
that permeability ceased. We have already referred to the work 
of Michaelis on graded collodion membranes confirming their 
sieve-like character. Further types of membranes for which 
the sieve theory has been used are membranes of compressed 
carbon and silica, porcelain plates graded by clogging with 
insoluble powders and the gelatinous ultra-filters made by 
Bechold and Zsigmondy, the pore size calculated with the aid of 
PoiseiuUe’s law agreeing closely with the size of the molecules 
whose diffusion they just prevent. 

The sieve theory of permeability may, in general, be safely 
used when the membrane material is rigid and inert. Even if 
adsorption occurs the theory is still valid for those solutes which 
are not adsorbed (cf. Michaelis’ membranes), provided that the 
nature and extent of adsorption remain constant factors. Thus 
bacterial filters, being negatively charged, adsorb basic dye 
cations until the surface is saturated, after which diffusion pro- 
ceeds unimpeded. If an acid dye be used, there is no adsorption 
and no impedance. If the membrane be an ampholyte, we have 
seen that ionic permeability is governed by the Pjj of the 
medium, but we may note that the Pjj of the medium will like- 
wise decide the state of swelling, i.e. the porosity of the membrane 
apart from the impedance caused by the electrical chslrge. 
von Risse showed that the permeability of gelatine to water was 
at a minimum at the isoelectric point, where the swelling is least, 
and increases as the Pjj is changed in either direction away from 
the isoelectric point. Permeability and swelling are connected 
inversely to one another. In the case of collodion membranes 
swollen by immersion in alcohol-water mixtures a similar 
inverse relation between swelling and permeability to haemo- 
globin, water and dextrin are found. The permeability of gelatine 
to water and proteins is lessened by treatment with formaldehyde 
because such membranes are unswollen. Anselmino in 1928 has 
extended these observations by a comparison of the rate of 
diffusipn of sugar and acid and basic dye-stuffs into and through 
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gelatine, separating the two features of swelling and electric* 
charge in this manner. Agar membranes on the other luind, Avhieh 
possess no marked eleetrocapillary properties, shoAv similar 
variations of the permeability of a series of dyes vA ith the 
but the relative speeds of diffusion of the dyes agree with the 
inverse order of their molc^cular volumes, avIucjIi is a simple case 
of sieve action. It might be anticipated that the rate* of pene- 
tration of non-cleetrolytes through a gelatine* membrane AAOuld 
not be dependent only on the^ mo]t*(ailar volume, but also aa ouIcI 
be affected by the numbeu* and nature of thei polar groups in the 
molecule. Through living cell membrane's (see Haml>urger and 
Gryns) marked lowering in spe^eds of p(*ne*.t ration aie ol^t aim'd 
on insertion of pedar groups in a non -polar moleemle; the order 
of decreasing rate of ]>one*tration is found to be 

amino acid > COOH .> (.-^z O * CONHg : ' OH (dlO ; 


whilst the ethyl alcohol penetrates rapidly, glycerol enters more 
slowly, the tetroses ext reinely slowly and tlie pentoses and Jiexoses 
not at all. A systematic investigation of the^ ellect c^f pcjlar gi‘ou])s 
on the penetration into artificial membranes in vicAV" of a possible 
modification of Traube's molecular volume hypothesis is cau- 
dently desirable. 

Collodion membranes coated with proteins are Ic^ast pt^rmciable 
to electrolytes at their isoelectric ])oint, aa here* adsorption and 
extension (see Ch. it) is at a inaximuni; thc^ perrne^ability ae^- 
cording to Hitchcock increases in more alkaline and acid 
soluTions where the adsorption is less. The permeability to water 
of protein-coated membranes was found to be a maximum at 
the isoelectric point in dii'cct contrast to the Avork of von Rii=^se 
and Anselmino on protein membranes. This difference m be- 
haviour may be attributed to the blocking of the c.ollodion pores 
by the swelling of the adsorbed protein. When the protein 
is free to expand, swelling brings an increase m porosity; but 
a protein layer on a rigid inert framework Avhich cannot swell 


thus reverses the effect. 

The factors which govern the equilibrium between disperse 
phase and dispersion medium will govern the amount of free 
liquid (see p. 424) available as a diffusing me ium w iic ^ 
turn control the permeability of the gel. Anselmino noted m 
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gelatine that the swelling increased faster than the permeability 
to capillary inactive substances, which shows that the bulk of 
the water taken up on swelling is “boimd” water; this division 
into bound and free water available for interfibrillar diffusion 
applies equally as shown by Tinker to copper ferrocyanide 
membranes, where the apparent pore size was found to be 
15— and the sieve diameter some hundred times smaller. 
The presence of ions or dissolved molecules which altered the 
proportion of free to bound water should evidently affect the 
permeability or apparent pore size, and may be regarded from 
the point of view that such addition agents effect peptisation or 
coagulation. Thus Bancroft and Gurchot noted the coagulation 
and the phenomenon of sugar permeability of ferrocyanide 
membranes on heating to 24° C. or on the addition of methyl 
alcohol, acetic acid, KCl, NaCl, CaClg. Although alkalis and 
water peptise the copper ferrocyanide, the impermeability to 
sugar of a coagulated membrane is not restored by alkalis. 

It is evident that in problems of permeability* the electro - 
capillary data, swelling, degree of dispersion and mechanical pore 
size are all important factors to be considered as well as the 
polarity and molecular volume of the diffusing solutes. In 
membranes containing lipoids, especially living cell membranes, 
permeability was attributed by Overton (Overton u. Moyer, 
Studien iiber Narkose, 1904) to lipoid solubility of the diffusing 
material. Closely related to this hypothesis of diffusion in a 
homogeneous membrane is the adsorption hypothesis, which 
substitutes adsorption at a lipoid water interface as the criterion 
for permeability. If there is no intermicellar liquid present, the 
adsorbed solute displaces water molecules from the adsorption 
envelope and so penetrates. 

That adsorbability from aqueous solutions should run parallel 
with lipoid solubility is not surprising, since both are an ex- 
pression of hydrophobic character. Attempts to prepare arti- 
ficial membranes of this character have been made by Thieulin, 
who impregnated collodion sacs with castor oil and lecithin. 
Such membranes are permeable to alkaloid bases but not to 

*" A summarising account with references is given in GeUhom, “Das 
Permeability tsproblem,*’ Springer, Berlin, 1929. 
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sodium Chloride; pore size is evidently not the governing factor 
here. Philippson showed in the same way that impregnation 
With an ether extract of muscle rendered the sac iriipeniieable to 
mineral salts but aUowed the organic acids to pass at increasing 
rates in the order 

HCOOH > CH3COOH > CH3OHCOOH > ( H3C2H5COOH. 

Here the effect of pore size is suggested thougli the truo relative 
lipoid solubility of the acids is not known. We may note that 
a lecithin cholesterol emulsion embedded in a dialysing thimble 
is stated to maintain the Pjj of the internal solution constant, 
thus buffering is not exclusively a property of the proteins! 
Similar experiments by Brinkmann and Gyorgi have em- 
phasised the specific nature of solution and adsorptioji as factors 
in permeability, thus the permeability of collodion to haemo- 
globin is increased by previous treatment with capillary active 
substances, e,g, sodium oleate, or with alkaloids, whereas the 
permeability to water is unaffected. 

In none of these instances is the simple mecJianisni postulated 
by Overton entirely realised; the examination of the rate of 
penetration is frequently masked by the rate of storage in an 
intervening lipoid phase or by the slowness of a transport 
mechanism. This is well exemplified in the case of a gelatine gel 
containing methylene blue and covered with first a layer of 
chloroform and then one of water. Methylene blue being in- 
soluljle in chloroform is not transported from the gelatine to the 
water phase, but if spermaceti be dissolved in the chloroform the 
dye penetrates to the water, being transported by diffusion of 
the spermaceti micelle which in the chloroform takes up the 
dye. If a spermaceti soap milk be formed the chloroform layer 
is deeply dyed but the water scarcely coloured, for the increased 
solution or adsorption in the membrane material has lessened 
the permeability. The effect of phase inversion on the relative 
permeabilities of lipoid and non-lipoid materials is a factor which 
is probably not without biological significance. 

The influence of the adsorption and ease of wetting on the 
penetration of liquids and solutes is well established experi- 
mentally. Thus Flusin with membranes of parchment, pig’s 
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bladder and rubber and Bartell with compressed carbon and 
silica membranes showed that the permeability varies with the 
rate of imbibition and wetting power of the solvent. Similar 
conclusions as to the necessity for the solvent to wet a membrane 
before osmosis can occur have been made by Kahlenberg. The 
extent of adsorption of a solute at the membrane liquid interface 
has been assumed by Traube to run parallel to the adsorption 
at an air-liquid interface. This generalisation cannot be accepted 
as anything more than a general guiding principle, for we have 
noted already, e.g. salts in water in contact with charcoal or acid 
and basic dyes at protein liquid interfaces, many exceptions to 
such a “rule.” 

The effect of capillary active inclusions in the membrane is 
well show’n by the diffusion of water and organic acids through 
gelatine containing peptone or lecithin, examined by Traube and 
Dannenberg. Increasing the lipoid content of the membrane 
limits the amount of the water taken up correspondingly without 
affecting the amount of acid. 

An interesting distinction between solution and adsorption 
has been made by Loewe for the taking up of methylene blue 
from aqueous solutions by various lipoids. A comparison of the 
calculated partition coefficients K and of the values of 1 jn in an 
assumed Freundlich isotherm gave the following results : 


Adsorbent 

J 

n 

K 

Cephalin . . . 

0-35 

6-8 

Cerebroside 

0 16 

1-64 

Lipoids . . . 

0-22 

0-61 

Lanolin . . . 

(M5 

0*()12 


The data support an adsorption rather than a solution 
mechanism. In general, however, it is hard to distinguish between 
adsorption and solution mechanisms, especially as most mem- 
branes are heterogeneous. The transition between adsorption in 
the pore of the membrane and simple solution is very gradual 
as the porosity of the membrane is decreased to molecular 
dimensions. 




INDEX OF NAMES 


Abderhalden 81 
Ablett 19 
Ackerberg 286 

Adam 84, 94, 95, 96, 98, 99, 100, 101, 
102, 103, 104, 106, 106, 110, 111, 128, 
131, 339 
Adams 9, 17, 18 
Adhikari 182, 198, 199 
Adkins 251 
Adolf 435 
Allen 263 
Allman d 355 
Alty 332 
Amagat 66 

Anderson 6, 126, 239, 414, 422, 424 

Andrews 218 

Anselmino 446, 447 

Antonow 139, 140, 264, 266 

AnfcropofF 181, 182 

Arrhenius 186, 186, 412, 421 

Asuoli 326 

Aston 36 

A^nma 354 

Bachmarin 415, 421, 424, 433 
Bakr 271 
Baly 36 

Bancroft 67, 123, 160, 162, 266, 292, 
401. 402, 414, 448 
Bannister 243 
Barker 50, 51 
Barratt 415 

Bartell 45, 275, 276, 460 
Bartlett 271 
Barton 115 
Basljjforth 9, 17, 18 
Baudouin 324 
Baur 164, 364 
Bayer 40 
Bechold 446 

Becker 199, 216, 220, 222, 223 

Bedworth 243, 245 

Beebe 234 

BeU 43, 121 

Berger 245 

Berkeley 69 

Bothe 326 

Beutner 344, 359, 360, 361, 362, 363, 
364, 365 
Bevan 181, 187 
Bhatnagar 163, 164 
Bichat 333 
Bigelow 20, 43 
BilUter 403 
Biltz 389, 446 


Bircumshaw 24, 38, 66, 44 1 

Birstoin 441 

Bishoj) 396 

Bjerriiin 347, 348, 368 

Blake 403 

Blasiiis 136 

Blench 233 

Blodgett 123 

Blomllot 333 

Bluh 206, 208 

Bodaszewski 368 

Boer 208, 209, 210, 211 

Bocue 430, 431 

Bohr 22, 23 

Bolain 437 

Boltzmann 32, 70, 71, 313, 317 
Borelius 366 
Born 75, 172, 21 I 
BosaiKjut't 9 
Bose 429 

Bowden 177, 319, 320, 321 
Bowen 6 
Boyer 19 

Bradfmd 128, 429 
Bradley 60 
Bragg 200 
Bravais 170 
Bray 237 
Braz 181 
Bredig 286 

Briggs 156, 166, 237, 280 
Brinkmann 449 
Bronkon^ 278, 279 
Brossa 407 
Brown 14, 17, 366 
Brunner 284 
Biibanovic 152 
Burdoii 137 

Burton 329, 331, 372, 396, 402 
Butler 280, 302, 309, 311, 312, 313, 314, 
315 

Butsr-hli 413, 432 


imeron 43, 155 

in tor 16, 17 

intori 368 

irbonelle 368 

irver 6, 237 

iry 21, 128 

issel 251 

sderberg 73 

3 ntnorBZwer 181 

[laplin 195 

tiapman 187, 317 

fia.-nTkiiiR 183. 203. 231. 258 


29-2 



452 


INDEX 


Chariton 191, 192 

Chaudesaignes 368, 379 

Chella 89 

Cheng 21 

Chiari 432 

Clausing 193, 218 

Clowes 163, 164 

Cockroft 193, 199 

Coghill 125 

Collander 445 

Constable 177, 196, 197 

Coolidge 230, 231, 238, 239 

Cotton 329 

Coutts 180 

Cremer 362, 366 

Crookes 349 

Crum 392 

Cude 43 

Cumming 347 

Cunningham 375 

Dancer 368 
Danielle 422 
Dannenberg 450 
Davis 267 
Davisson 200, 240 
De Broglie 200 
De Bruyne 229 
Debye 332, 336, 339 
Delaplace 104 
Dennet 289 
Dennison 220 

Dent 172, 175, 208, 210, 212 
Der Meulen 156 
Deslaiix 368 
Deutsch 343 

Devaux 63, 83, 94, 116, 136 

Dew 234 

Dewar 119 

Dewhurst 115 

Dhar 278 

Donde 276 

Donnan 36, 50, 51, 160, 165, 353, 355, 
356, 357, 358, 365, 433, 434 
Dorsey 7, 18, 22 
Doubleday 262 
Draper 157, 159, 251 
Drath 17 
Dreyer 291 
Drude 86 
Dubinin 275 
Duclaux 45, 394 
Duhem 46 
Dundon 263, 254 
Dunn 177, 243 
Du Nouy 82 
Dupr6 6 
Durau 176 
Dufihman 220, 286 

Ebermann 42 


Edaer 21, 30 
Egner 99 
Ehrenhaft 42 

Einstein 368, 375, 376, 380, 421 
EkwaU 118 

ElissafofiE 325, 399, 400 
EUerbroek 88 
Ellis 329 
Elsasser 200 
Engel 33 

Eotvos 34, 36, 37, 38, 59 
Emcra 45 

Estermann 192, 198, 199 

Ettisch 366 

Eucken 204, 207, 236 

Evans 243 

Ewald 220 

Ewing 38 

Exner 368, 379, 380 

Fairbrother 280 
Fajans 278 

Faraday 180, 303, 378 
Favre 303 
Feitknecht 175 
Felman 182 

Ferguson 10, 11, 17, 20, 34 

Feustel 16 

Fick 284 

Finkle 167, > 159 

Fischer 285, 414 

Fitzgerald 258 

Flade 416 

Fleming 419 

Flosdorf 234 

Flusin 449 

Forch 17 

Foresti 196, 234 

Fowler 215 

Frank 236 

Frankel 181 

Frankenburger 174, 181 • 

Frazer 88, 236 

Frenkel 189, 190, 191, 195, 197 
Freud 14 

Freundlich 42, 155, 182, 253, 266, 267 
269, 272, 290, 292, 318, 319, 326, 366 
393, 395, 397, 401, 404, 406, 414, 421 
443, 444, 450 
Friend 289 
Frommer 242 

Frumkin 52, 68, 71, 276, 276, 279, 309 
311, 312, 313, 314, 333, 336, 336, 337 
338, 339, 341, 342, 343 
Fryling 234 
Fu 277 
Fujita 353 
Furkas 287 

Galecki 389 
Ganguly 358 



INDEX 


Gann 389, 392. 408 
Gans 88. 89. 339 
Gamer 233. 35.5 
Gaudeohon 258. 261 
Georgievics 443 
Gerlach 199 
Germann 181 
Germer 200. 240 
Gernez 288 
Ghosh 278 

Gibbs 3. 46. 49. 68. 59. 60. 61. 64, 125. 
156, 162, 169, 170, 196, 280, 283, 308, 
310, 316, 443 
Gilbert 72 
GlixeUi 325 

Goard 29, 72, 73, 79, 143 
Goetz 181 
Goldmann 229 
Goldschmidt 286 
Gore 207 

Gorter 82, 113, 1 15, 116 
Gortner 416, 435 

Gouy 56, 68, 69, 310, 311, 313, 315, 316, 
317, 335, 368 
Graham 292, 412, 421 
Green 356 
Gregg 231 

Grendel 82, 113, 115, 116 
Griffin 166 
Grimm 259 
Groschuff 419 
Griinmach 22. 24 
Gryns 447 
Guaslatta 106 
Guorout 45 
Guillaume 325 
Gurchot 448 
Gustafson 207, 269, 270 
Guyot 323, 338 
Gyemant 325 
Gyor^i 403, 449 

Haber 169, 359, 362, 365 
Hagg 98, 426 
Hahn 176 
Hamburger 447 

Hardy 31, 43, 78, 92, 93, 123, 124, 125, 
146, 261, 262, 263, 332, 383, 395, 414, 
416, 421, 425 
Harker 82 

Harkins 10, 14, 16, 16, 21, 26, 28, 30. 
38, 61, 61, 67,72,73, 114, 118, 124, 142, 
146, 146, 147, 148, 161, 162, 157,165 
Harned 73 
Harris 224, 355 
Hartleben 273 
Hartley 69, 174 
Hartridge 97 
Hatsoh^ 421 
Hedges 372 


453 

Helmholtz 3, 169. 301, 303, 306, 311. 

316, 317, 322, 349 
Henderson 347 
Henri 368 
Henry 182 
Herz 27 
Herzfeld 71 
Hess 421 
Hevcstiy 199 
Hey d well ler 24 
Hcyrovsky, .302, 320 
Hildebrand 70, 157, 159 
Hinshclwood 174, 181, 243, 245 
Hih 25 

Hitchcock 45, 447 

Hittorf 324, 351 

Hobor 352, 365 

Hoilinann 3.52 

Hofrnann 150, 258 

Hogness 24 

Holmes 155, 161 

liomfray 186, 203, 237, 241 

Hooke 109 

Horovitz 366 

Hovorka 6 

Howell 416 

Huekel 357 

Hughes 181, 187, 366 

Hulotfc 38, 44, 52, 253, 254 

Hunt 115 

Hunter 20 

Husson 251 

Ircdalc 11, 15, 19. 76, 78, 81, 236 
Ishizaka 389 
Ives 87, 227, 228 

.lajer 16, 17, 24 
Jamin 86, 87 
Jaquet 206 

Jessop 100, 102, 104, 105, 106, 339 

Jcvoiis 368 

Johlin 21 

Johnson 346 

.lohnsrud 87 

Jones 2.53 

Judd 288 

Junck 258 

Kahlenborg 450 
Kalbercr 195, 231 
Kameda 276 
Kamcyama 354, 3.56 
Kapitza 175 
Kargin 393 
Katayama .35 
Katz 412 
Keenan 115 

Kelvin 22, 41, 42, 43, 168, 239. 303 
Kendall 421 
Kennedy 410 



454 


INDEX 


Kenrick 333 

!K.6yos 233y 234 

Killian 224 

King 28, 67, 271 

Kingdon 220, 221, 222, 223, 224 

Kirchoff 377 

Kistiakowsky 234, 235 

Kleinmann 25 

Klemenziowicz 359, 365 

Klopsteg 21 

Knapp 255 

Knecht 443 

Knofft 227 

Knudsen 27, 187, 188, 193 
Koehler 261 
Kohlschiitter 181, 243 
Kolthoff 276, 277 
Kraemar 158 
Kraemer 429 
Krafft 436 
Kramer 193, 199 
Kriahnamurti 358 
Kruger 312 

Kruyt 388, 396, 403, 406, 407, 421 
Kunsman 248 
Kuster 173 

Labrouste 83, 94, 95, 101, 106, 131, 338 

JLiac]^ 273 

Lagergren 258, 267 

Laing 118, 280, 439, 440 

Lamb 230, 231, 324, 330, 348 

Land 136 

Land4 206, 212 

Lange vin 335, 375 

Langmuir 5, 6, 19, 20, 28, 31, 32, 57, 58, 
61, 63, 69, 71, 73, 81, 84, 90, 91, 93, 
94, 95, 99, 101, 104, 110, 111, 120, 
121, 171, 173, 178, 181, 187, 188, 189, 
194, 195, 196, 203, 215, 217, 218, 219, 
220, 221, 222, 223, 224, 236, 237, 240, 
242, 261, 286, 302, 303, 304, 307, 332, 
338, 440 
Laplace 30 
Laraon 181, 348 
Laakin 425 
Latham 237 
Loathes 100 
Le Blanc 288 
Leeuwenhoek 366 
Lehmann 403, 429 
Lenard 21, 25, 332 
Lenher 229, 236 

Lennard Jones 172, 173, 176, 208, 210, 
212 

Le Roux 303 

Lewis 54, 56, 146, 181, 346 
Liebmann 145 
Linder 329, 392, 395 
Linebarger 17 
Ling 81 


Lippmann 304, 305, 306, 310, 312, 315 

Loeb 366, 367, 362, 412, 430, 431 

Loewe 450 

Lohnstein 14 

Lorenz 145, 206, 212, 293 

Lottermoser 389 

Lyons 96, 111, 112, 126, 133, 162 

McBain 118, 166, 168, 266, 280, 286, 333, 
412, 416, 437, 438, 439, 440 
Macdonald 181 
MacDougall 21 
McGarvie 240 
McHaffie 229, 236 
McLaughlin 73 
Macleod 39 

McLewis 61, 52, 151, 266, 330 

McTaggart 332, 333 

Magic 6, 17, 20 

Magnus 184, 201, 233, 306 

Manabc 427 

Manjuiii 429 

Marc 277, 288, 290 

MarcoUn 83, 104 

Mark 195, 231 

Marshall 233, 234 

Martin 437 

Matsuo 365 

Matthews 261 

Matula 394, 427 

Mayrhofer 174 

Meltzer 81 

Merriam 284 

Meyer 152, 163, 286, 448 

MichaeUs 272, 274, 350, 361, 369, 446 

Micheli 77 

Miller 275 

Milligan 291 

MUlikan 93, 375 

Milner 57, 58, 61, 62, 63, 91 

Miyazawa 389 ^ 

Mokrouchine 278 

Moll 199 

Moiid 362, 365 

Moore 160, 437 

Moran 425 

Morawitz 274 

Morgan 13, 68 

Moss 307 

Mouquin 109 

Mouton 329 

Mukherjee 397, 399, 406 
MuUer 96, 119, 176 
Mumford 39 
Mylius 419 

Nacken 283 
Nageli 438 

Nemst 149, 260, 284, 301, 303, 307, 346, 
359, 442 

Neumann 5, 82, 126, 127 



INDEX 


455 


Nietz 20 
NiggH 170 
Norris 286 
Norrish 180 
Nottage 43 
Noyoa 284 
Nugent 166, 166 

Ober 392 

Obrutschewa 199, 279 
Od6n 168, 401 
Ogawa 275 
Okayama 181 
Oliphant 79, 137, 226, 227 
Orines 7, 38 
Osaka 269, 270 
Osterhof 45 

Ostwald 42. 52, 64, 182, 263, 303 
Ostwald, W. 403, 405, 413, 441 
Overton 448, 449 

Paine 387 
Palitzsch 14, 72, 73 
Pancth 176, 178, 278 
Pappada 396, 401, 421 
l>arks 261 
Parsons 164 
Partington 263 
Paso hen 307 

J*atrick 42, 51, 151, 236, 239, 240, 269, 
422 

Pauli 382, 394, 412, 417, 434, 435 

Pawlow 173 

Peaker 280, 333 

Pease 181, 196 

Peltier 383 

Perrin 1 19, 324, 328, 368, 369, 370, 371, 
372, 379 
Perrot 13 
Peters 99, 277 
Pfeil 243 
Phefias 277 
Phillips 39 
Phillipson 449 
Pickering 154 
Picton 329, 392, 395 
Pietsch 246, 251 
Pilling 243, 246 
Piiikus 278, 279 
Piper 96 
Planck 346, 347 
Plateau 2 
Pockels 83, 84 

Polanyi 204, 205, 229, 236, 239, 242 
Porret 322 

Porter 322, 329, 372, 373 
Potts 160 
Pouillet 258 
Powis 329, 384 
Predwoditelow 180 
Prideaux 349 


Proctor 366, 412. 430, 433 

Quincke 7, 12, 17, 24, 126, 306, 322,329, 
403 

Qinnnoy 176 

liabitiowilHfli 393, 126 

liadii 178 

liainaii 87, 89 

KamOas 87, 89 

Ramsay M, 31, 36. 36, 3(58 

Itamsden 166. J66 

Randall 61, 66 

Raoult 49, 100 

Rayleigli 8, 9, 13, 22, 123 

R(‘iinlers 160, 268, 290 

Rcitstotter 387 

Rosser 88 

Itouss 322 

Roychlcr 140 

Reynolds 140, 220 

Richards 19 

Riehardson 181, 203, 216, 216, 220, 221, 
241 

Itideal 21, 41, 66, 66, 79, 80, 81, 96, 97, 
103, lOl, 109, 112, 120, 128, 113, 177, 
233, 234, 212, 246, 261, 276, 302, 306, 
319, 107 
Riemann 166 
J^ioscnfeld 359 
Rinde 368, 430 
Uitt(‘r 303 
Jtoaf 437 
Rodcwald 432 
R-oberts 26, 30 
Rojinsky 181 
Rolf 243 

Rona 273. 274, 319, 366, 403, 101 

Rosenthal 444 

Rothmund 310 

Rupp 200 

Ryde 224 

tSaam 286 
Sabatier 246 
Sackur 222, 373 
Saha 222 
Saito 243 
Salmon 437 
Saylor 290 
Schalek 444 
Schorrer 416, 429 
SchiloM' 275 

Schmidt 24, 25, 152. 163, 176, 186, 
267 

Schmidt Nielson 81 

Schmoluchowski 188, 368, 376, 377, 382, 
386, 387, 388, 390 

Schofield 55, 64, 66, 79, 104, 30b, 309 
Schottky 214, 222, 224 
Schrodinger 16, 80 



456 INDEX 


Schiilman 338, 341 
Schulz 181 
Schulze 395 
Schuster 231 
Schwab 246, 251 
Seddig 380 
Semenoif 191, 192 
Sen 393, 407 
Sentis 12 
Shaklee 81 
Sheronhefsky 42 
Sherrick 278 
Shields 34, 35, 36 
Siedentopf 19, 24, 382 
Sieverts 181, 235 
Simon 224 
Sissingh 88 
Sloan 271 

Smekal 42, 175, 243, 244, 246, 252 

Smith 24, 181, 236, 307, 310, 313, 430 

Smits 302, 436 

Smyth 33, 339 

Somerwald 17 

Sondhauss 21 

Spangenberg 290 

Spiegel 435 

Sporing 357 

Spring 284, 394 

Stamm 158, L59 

Stark 206, 208 

Stefan 30 

Steiner 389 

Stem 193, 199, 317, 436 
Steyer 25 
Stock 280 
Stocker 24, 72 
Stokes 158, 370, 374 
Stiibel 416 
Stumm 280 

Sugden 9, 11, 17, 28, 39 
Sulman 20 
Sutherland 375 

Svedberg 158, 329, 378, 379, 380, 381, 
382. 411, 415 
Szegvari 444 

Tafel 321 
Tamanushi 340 

Tammann 177, 243, 287, 288, 289, 445 
Tate 13 

Taylor 115, 172, 173, 181, 234, 246, 251, 
437 

Tertach 170 
Tetelow 285 
Tetrode 222 
Theberath 181 
Thibault 97 
Thiel 343 
Thieulin 448 
Thoenes 429 
Thomson, G. P. 200 


Thomson, J. J. 46 
Thomson, W. 300 
Tichanowsky 21 
Tinker 448 
Tim berg 20 

Titoff 184, 186, 203, 229, 234, 241 

Titon 89 

Topley 174 

Topping 306 

Toropoff 325 

Traube 63, 66, 68, 71, 80, 104, 306, 445, 
447, 450 

Travers 183, 184 
Tronton 267 
Trumblo 43 
Try horn 271 
Tucker 123, 162 

Usher 445 
Utida 243 

Valcton 170 
Vallance 289 

Van Bemmolon 413, 421, 422 
Van der Liiigen 429 

Van dor Waals 34, 68, 104, 185, 202, 212, 
373 

Van Duin 403, 406 
Van t’HolT 372 
Varley 301, 307, 309 
Vavon 251 
Vekrassow 272 
Veley 283 

Verschaffelt 8, 17, 21 
Volkmann 6, 12 

Volmer 67, 80, 81, 136, 198, 199, 236, 
306 

Volta 301, 303 
Von Arkel 388 
Von Pickardt 290 
Von Risse 446, 447 

Von Szyszkowski 57, 61, 63, 64, 66^ 67, 
337 

Von Vegesack 389 
Von Weimarn 287, 428 

Walcott 115, 290 
Walden 34, 37, 445 
Walker 37 
Walpole 412 
Walton 288 

Wansbrough Jones 242 
Warburg 308 
Ward 233, 234, 236, 241 
Washburn 43, 44 
Wegelin 293 
Weiser 278, 407 
Wells 119 
Wenk 288 
Wenzel 283 
Werthenstein 191, 192 



INDEX 


457 


Westgren 387, 388 
Whatmough 17, 58, 143 
Wheeler 87 
Whetham 396 
Whimpler 28 
Whitney 284, 392 
Whittaker 26 
Wiedermann 322 
Wiegner 389 
Wiener 368 

Wilkins 177, 178, 241, 243, 245 
Williams 195, 201, 202, 203, 204, 205, 
207, 228, 229, 230, 231, 237, 268, 270, 
272, 336 
Wilson 164, 356 
Witt 180 
Wolf 81 
Wolff 176 
Wolkowa 89 


INDEX OF 


Accessible surface 175 
Accommodation coefficients 187 
Activation 174 
Active patches 251 
Activity 49, 54, 58 
Addition agents 288 
Adhesion 146, 263 

Adsorbents, heteropolar 208; homo- 
polar 202; metallic 214 
Adsorption at metal electrolyte inter- 
faces 313; at rough surfaces 230; 
catalysis 246; isotherms 182, 194; 
of electrolytes 68, 273, 277, 391; 
gases and vapours on liquids 76, 79; 
of %on -electrolytes 279; on char(;oal 
326; potential 202 
Ageing of emulsions 165 
Agglomerates 173 
Air-liquid potential differences 332 
Alcohol numbers 431 
Aluminium hydroxide 389 
Amalgams 42 
A microns 386 

Amphoteric electrolytes 408 ; mem- 
branes 353 
Anchor ring 20 
Angle of contact 5, 19, 46, 78 
Arsenious trisulphide sols 383 
Association in liquids 37, 38 

Barrier method of film examination 84 
Benzoin sols 410 

Bimolecular leaflets 112, 119, 162 
Boimdary layers 315 


Wood 188, 193 
Woog 136 
Worley 37 
Worthington 13 
Wrensky 55 
Wright ■] 82, 276, 410 
Wn 81 
Wyatt 271 
WyckotT 175 

Young 6. 21 

Zfiiso 241 

Zochcr 440, 441, 415 
Zsigmondy 238, 36S. 378, 382, 3S4, 
385, 386. 387, 407. 412, 415 423, 433, 
446 

Zwiiky 175 

Zwikker 208, 209, 210, 211, 220 


SUBJ FA 1\S 


Browiuau motion 374. 376 
llubbic ju’csKure 16 

Capillary flow 43; tlsc' 7 
Casein 409, 435 
(-atalysjs 246 
( Jataphorosis 329 
(yollulos(‘ 116, 416 
(Miaiigc, (‘ffect. of 56 
tHiarcoal 179, 186, 266, 273, 326 
Charge on mu'clle 438 
Chemical constitution, influence of 69 
(Chemical reaction at gas-hquid int(‘r- 
fa(;es 56 

Coagulation 81, 382 
(^oalesi'enc;<* 384 
(Cohesion 6, 146 
(kdJapse of films J 10 
Collodion membranes 350, 447 
Colloidal dyes 442 
Colloidal hlnis 113 
(Complex films J 13 

Condensation methods for st)Js 297 ; 
process 187 

Condensed states of film 94 
(Contact angle 5; potential 303 
Contact process 248 
Critical temperature 33, 144 
Crystal equilibrium 170, 280 
Crystallisation 286, 288 
Curd 439 

Curvature, influence of 41 
Desiccation of gels 442 



458 


INDEX 


Detergent action 436 

Dew-point method 437 

Diaphragms 326 

Dielectrics, adsorption in 206 

Diffuse double layer 318 

Diffusion in gels 445 

Diffusion potentials 344 

Dispersion coefficient 298 

Dispersion methods for sols 292, 295 

Displacement of liquids 45, 250 

Dissolution of films 111 

Distribution of sols 369 

Double layers 68, 316 

Drop contour 14 

Drop equilibrium 41, 43 

Drop weight 12, 77 

Dropping electrode 307 

Dyes 442 

Dynamic methods of surface tension 
determination 21 
Dynamics of capUlary flow 43 

Elasticity of gels 412 
Electric cataphoresis 329 
Electric endosmoso 322, 399 
Electric moments 32, 40, 338 
Electrical dispersion methods 295 
Electrification at gas -liquid interfaties 
332 

Electrocapillarity 304, 310 
Electrokinetic potentials 315, 322, 333, 
390 

Electrolytes, adsorption of 68 
Electron affinities 304 
Electron beams 201 
Electrostatic fields, influence of 246 
Elliptic polarisation by films 86 
Emulsions 153 
Energies of activation 250 
Entrainment of ions 391 
Enzyme action 81 
EfitvOs* law 34 
Equations of state 66 
Evaporation through films 119 
Expanded films 101 
Expansion temi)eratures of films 105 
Experimental methods for film examina- 
tion 84 

Ferric hydi-oxide 293, 411, 444 

Fibres 416, 443 

Fibrils 416 

Fields of force 92 

Film formation 92 

Fissures in solids 1 75 

Flocculation 389 

Flotation 256 

Fluctuations 377 

Foam 431 

Formation of suspensions 291 
Friction 261 


Galvanic cells 302 
.Gamboge 370 
Gas laws, application of 62 
Gaseous films 319 
Gases, adsorption of 76, 168 
Gel structure 411 
Gelatine 293, 425, 430 
Gibbs’ law 46, 219 
Glass electrode 365 
Globulins 436 
Gold numbers 294 
Gold sols 384 
Growth rate 287 

Haemoglobin 117 
Heat of adhesion 77, 145 
Heat of adsorption 77, 228, 238; of 
transformation 128; of vaporisation 
31, 41 ; of wetting 229, 268 
Heteropolar surfaces 208 
Homogeneous membranes 368 
Hydrogen peroxide 276 » 

Hydrolysis, rate of 82 
Hydrolytic adsorption 275, 394 
Hysteresis in swelling 423 

Imago forces 206, 215 
Imbition 418 

Independent action, principle of 31 
Influence of temjwsrature 33, 142 
Insoluble films 83 
Interfacial tension 149 
Internal pressure 70 
Intrinsic field 214, 237 
Inversion point 422 
Iodine adsorption 267 
Ionics micelle 438 
Ionic mobilities 76 
Irreversible adsorption 78 
Isoelectric points 276, 279, 325, 333, 
426, 447 

Isostere 203 * 

Latent heat of evaporation 30 
Lateral mobility 240 
Lattice energies 172 
Lens equilibrium 123 
Lens forms 126, 234 
Limitations in spreading 123 
Liquid condensed films 99 
Liquid solubility 448 
Lubrication 43, 262 
Lyalbic acid 300 
Lyotropic series 344, 394 

Mechanism of spreading 124 
Melting of films 91 

Membrane equilibria 43, 326, 348, 363, 
433, 437; penetration 446; potentials 
326, 348, 363 
Mesophase 440 



INDEX 


450 


Metals, adsorption on 214; surface ten- 
sion of 24 

MiceUe 438, 439, 449 
Microcapillaries 42, 175 
MicrocapiUary condensation 42, 240 
Mirror deposits 171 
Mobile double layers 384 
Mobility and adsorption 397 
Moist gels 417 

Multiatomic! adsorbed layers 224 

Negative adsorption 72, 207 
Non-diffuaible ions 353, 358 
Non-electrolytes, adsorption of 264, 277 
Non -electrolytes, effect of, on suspen- 
sions 403 

Nucleus formation 286, 298 

Oil cells 359; films 83; solubility of ions 
364 

Optical methods for film examination 86 
Organosols 297 

Orientation at interfaces 30, 33 
Osmosis 355, 445 
Overpotential 319 
Oxide films 177, 242 

Parachor 39 

Penetration coefficient 45, 445 
Peptisation 292 

Permeability of bubbles 119; of films 
119 

Phase boundary potential 301, 333 

Phase discontinuities 180 

Phase inversion 163 

Phase rule, application of 130 

Poisons, effect of 251 

Pore size 44 

Porous materials 238 

Positive adsorption 267 

Potential differences, gas-hquid 90, 332 

Pressure, effect of 80; in surfaces 68 

Promoters 182, 251 

Protalbic acid 300 

Protection of suspensions 258, 294 

Protein coagulation 81 

Protein films 116; gels 425 

Radioactive adsorption 176 
Range of action 43 

Rate of oxidation 178, 246; of spreading 
133 

Reflexion of molecules 187 
Reversible sols 419, 430 
Rigid gels 417 
Rigidity of films 109 
Rmg formation, strain in 40 
Ripple method for surface tension de- 
termination 22 


Rotational movement 376 
Rough surfaces, adsorption on 236 

Salts, molten, surface tension of 24; 

solutions, surface tension of 72 
Saponin 82, 116 
Sedimentation equilibrium 369 
Selective adsorption 274 
Sensitisation 403 
Sessile drop 17. 24, 78 
Shaking, effect of 82 
Sieve mernbrani‘s 349, 446 
Sign reversal in suspensions 402 
Silica gel 4 1 9 
Smectic films 99 
Soap 436 
Soap bubbles 119 
Sol-gel transformation 419, 430 
Solid (jondensed films 07 
Sols 291 

Solubility of solids 253 
Solution of crystals 283, 288 
Solutions, tension of 53 
Solvent, adsorpt ion of 207 
Sorption 168 

Specific sujK^rsaturatioii 298; surface 175 
Spermaceti 449 

Spreading coefficients 123, 137; con- 
ditions of 123, 257 

Surface, attack rate of 242; energies of 
crystals 170; mobility 197 
Swelling of gels 432 
Syneresis 432 

Tannin 407 

Temperature, influence of 33, 260; 

measurement at high 24 
Tensile free energy 146 
Thixotropy 444 
Total surface energy 25 
Transition of state 106 
Transport ratio in membranes 351 
Traube’s rule 63, 71 
Triple point 107 
Trough, method of 85 
Turbidity 431 

Two-dimensional pressure 69, 240 

ITltra-filters 446 
Unimolecular layers 61 

Valency rule of precipitation 395 
Vaporous films 104 

Vap<iur pressure of surface liquids 63, 104 
Velocity of crystallisation 288 
Vibrating jets 23, 72 
Viscosity 421 

Wetting angle 44, 128 



